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Abstract 
The purpose of this work is to develop novel characterisation methods using confocal 
microscopy to investigate perovskite solar cell materials. It begins with a preliminary 
study of light management in silicon thin film solar cells for the purpose of 
demonstrating the capability of confocal scanning microscopy as a solar cell imaging 
tool. This is followed by several supporting studies to identify the stability of 
CH3NH3PbI3 perovskite materials when exposed to the tightly-focussed, intense laser 
illumination of a confocal microscope. These studies include: estimation of the laser-
induced heating of CH3NH3PbI3 films during confocal measurements in order to avoid 
the effects of thermal-induced degradation during data collection; and measurements 
of films in different ambient atmospheres, showing that the film must be fully 
encapsulated by epoxy or kept in N2 environment to ensure stability during the 
measurements. PMMA coated perovskite film are shown to be protected from 
moisture-induced degraded, but they also exhibit an enhancement of 
photoluminescence (PL) signal under light exposure. 
During the PL measurements on CH3NH3PbI3 perovskite films, the phenomenon of 
light- and oxygen-induced PL enhancement was observed, which led to the exploration 
of trap properties and recombination kinetics of perovskite films. A combination of 
experimental PL measurements and numerical modelling is used to investigate the 
dramatic enhancement in PL following prolonged light exposure with timescales 
ranging from minutes to hours. The time and spatial dependence of the PL 
enhancement is directly observed by combining localised illumination with PL imaging, 
which can be explained by a combination of trap de-activation and photogenerated 
carrier diffusion away from the light-exposed area. Further experiments demonstrate 
that trap de-activation is reversible once the illumination is turned off. The observed 
time and spatial dependence of laser induced PL enhancement in CH3NH3PbI3 films is 
modelled, taking into account trap de-activation and carrier diffusion. 
Following this topic, a complete physical model of recombination kinetics is 
implemented to extract recombination coefficients and trap parameters of CH3NH3PbI3 
and Cs0.07Rb0.03(FA0.85MA0.15)0.9Pb(I0.85Br0.15)3 perovskite films by fitting to excitation-
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dependent steady-state and transient PL measurements simultaneously. Sensitivity 
analysis shows that fitting a single model to the two different PL measurements 
provides improved accuracy in multiple-parameter fitting. A comparison of the fitted 
parameters of the two perovskite films suggests that the improved performance of 
mixed cation perovskites may result from less active trap states rather than from a 
lower density of traps. This analysis technique provides a simple, non-contact method 
to rapidly characterise the key trap properties of perovskite films. 
The general recombination model is further used to interpret carrier lifetimes in 
perovskite films. The origins of bi-exponential transient PL decay observed for many 
perovskite films are investigated by varying the recombination parameters in the 
recombination model. This analysis demonstrates that the fast and slow decays in the 
transient PL curve are dominated by trap-assisted recombination and radiative 
recombination, respectively. Simulations of the steady-state carrier lifetime as a 
function of carrier density over a wide excitation range demonstrate that radiative and 
Auger recombination coefficients could be extracted from experimental 
measurements at high excitation levels, and trap energy levels can be estimated at low 
excitation levels. The transient carrier lifetime extracted from the simulated PL decay 
curve matches the excitation-dependent minority carrier lifetime simulated for steady-
state illumination conditions when the excitation level is sufficiently high. Therefore, 
the transient carrier lifetime extracted from time-resolved PL measurements can be 
used to estimate radiative and Auger recombination coefficients as long as the carrier 
density is known during the decay. 
This thesis contributes novel characterisation methods based on confocal microscopy 
for improved understanding of material properties and recombination kinetics of 
perovskites for photovoltaic applications. Theoretical modelling is performed to 
support the experimental findings and gain new insights into the detailed chemical and 
electronic properties of these materials. 
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Chapter 1 Introduction 
1.1 Motivation 
Climate change is one of the greatest challenges of this century. According to the 
annual statement of global climate published by the World Meteorological 
Organisation (WMO), the global mean temperature in 2017 was approximately 1.1 °C 
above the pre-industrial era reaching the warmest on record without an El Niño event 
[1]. A key driver for global warming is the increasing level of greenhouse gases (CO2, 
CH4, N2O etc.). Over the past 20 years, fossil fuel burning has produced more than 
three-quarters of the increase in CO2 from human activity [1]. Therefore, renewable 
energy such as solar energy and wind energy are expected to play an important role in 
minimising greenhouse gases emission.  
Photovoltaics (PV) is the most common form of solar energy technology. PV refers to 
the conversion of light into electricity using solar cells made from semiconductor 
materials. First-generation conventional solar cells, which currently hold the majority 
of the global photovoltaic market, are mainly based on crystalline (mono or multi) 
silicon wafers. The highest efficiency achieved by silicon solar cells has reached 26.6% 
[2] which is approaching the theoretical maximum of 33% [3] dictated by the detailed 
balance limit [4]. Thus, the cost reduction of silicon PV modules in consumables and 
materials is coming to the bottleneck [5]. On the other hand, thin-film solar cells, 
which are made by depositing one or more thin layers of photovoltaic material on to a 
substrate, are classified as the second-generation solar cells. Thin-film technologies 
effectively reduce the material consumption, and hence lower the price; however, the 
efficiency of commercial thin film solar cells is lower compared to the first-generation 
solar cells [2]. Finally, third-generation photovoltaic cells are solar cells that could 
overcome the detailed balance limit including multi-layer (“tandem”) cells, quantum 
dot and hot-carrier cells. 
Reducing the cost of commercial PV systems by reducing consumables is difficult; 
therefore, improving the performance of the solar cells becomes significant for further 
cost reduction [5]. Carrier generation and recombination are the two fundamental 
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processes that ultimately determine the performance of a solar cell. Improving the 
efficiency of solar cells requires either more charge carriers to be generated, and/or 
less recombined. There are many advanced techniques that have been applied to 
characterise solar cells or semiconductor thin films. Confocal microscopy is a 
frequently-used technique for characterising the optoelectronic properties of solar 
cells [6-8]. The reflected light or fluorescence from an illuminated sample is collected 
by the objective and is focussed through a pinhole at the front of the detector in order 
to eliminate the out-of-focus signal. This approach greatly improves the resolution and 
contrast of the optical signal compared to standard optical microscopy. In addition, the 
confocal laser scanning microscope has a potential to generate high resolution images 
of the detected area. Thus, it allows us to visually analyse the optoelectronic 
properties of semiconductor materials. For example, confocal photoluminescence (PL) 
measurements can be used to quantitatively analyse the efficiency of radiative 
recombination, which has a direct impact on the maximum open-circuit voltage 
attainable in a solar cell. 
Mentioning the improvement of solar cell efficiency, an emerging photovoltaic 
technology based on organic-inorganic hybrid perovskite materials has received 
tremendous research attention. The perovskite materials used in these cells are 
structured compounds with the chemical composition ABX3 (A = Cs+, Rb+, CH3NH3+ 
(methylammonium cations or MA), or CH(NH2)2+ (formamidinium cations or FA); B = 
Pb2+ or Sn2+; X = I-, Br-, or Cl-). In 2009, CH3NH3PbI3 perovskite was first applied to solar 
cells with an efficiency of 3.8% [9]. Since then, the performance of hybrid lead halide 
perovskite solar cells has improved dramatically, leading to the current efficiency 
record of 22.7% in late 2017 [2]. This rapid improvement has been driven by 
developments in several research areas including cell structure, deposition methods, 
material composition and understanding of perovskite material properties. 
However, as a new photovoltaic material, the semiconductor properties and 
recombination kinetics of perovskites are still not well understood. This thesis focuses 
on applying the confocal microscopy technique to understand the optical and electrical 
properties of thin film solar cells, especially the recombination kinetics of perovskite 
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materials. This study aims to provide new insights into the characterisation of 
perovskite films for a better understanding of perovskite solar cell performance. 
1.2 Thesis Outline 
When this thesis commenced in 2014, the original objective was to develop novel 
characterisation methods using confocal microscopy to investigate light management 
of thin film solar cells (initially thin-film Si cells, as discussed in Chapter 4). In 2014, 
since the research focus of the whole group turned to perovskite solar cells, a detailed 
stability test of CH3NH3PbI3 films was performed as preparation for obtaining reliable 
and trustworthy characterisation results of the optical and electrical properties of 
perovskite solar cells. During the PL measurements on CH3NH3PbI3 perovskite films, a 
light- and oxygen-induced PL enhancement was observed, which led to the exploration 
of trap properties and recombination kinetics of perovskite films, as described in 
Chapter 5. In exploring this topic further, a complete physical model of the 
recombination kinetics was implemented to extract the recombination parameters of 
perovskite films by simultaneously fitting the model to excitation-dependent steady-
state and transient PL measurements (Chapter 6). This model was also used to 
interpret carrier lifetime in perovskite films (Chapter 7). 
The thesis is divided as follows: 
• In Chapter 1, the motivation of this thesis and the general background of 
photovoltaics is introduced. 
• Chapter 2 starts with a review of high-resolution confocal microscopy and its 
application to solar cell characterisation. Then, the challenges of characterising 
perovskite materials are discussed particularly with respect to their instability 
against moisture, high temperature, light and oxygen. However, light and 
oxygen also have a potential to enhance the performance of perovskite solar 
cells. To investigate the dynamics of carriers and traps in perovskite materials, 
the measurements of carrier diffusion and trap properties in perovskites are 
reviewed. Trap states in perovskite films are important for understanding the 
recombination kinetics of perovskites, and a review of discussion on the 
recombination kinetics is provided. Finally, measuring and interpreting carrier 
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lifetime of silicon wafer are reviewed in order to replicate this study for 
perovskite films. 
• Chapter 3 describes the methodology of all the experiments that have been 
performed in this study, including sample fabrication, characterisation and 
modelling. 
• Chapter 4 describes a series of preliminary and supporting studies carried out 
in the early stages of this thesis. These are: i) experiments to evaluate the 
capability of confocal microscopy/scanning photocurrent measurements to 
spatially-resolve plasmonic light trapping in silicon thin film solar cells; ii) 
modelling of the laser-induced temperature rise on samples as a way to identify 
whether temperature is a major factor in the experiments; and iii) stability test 
of CH3NH3PbI3 films under different ambient. 
• Chapter 5 applies confocal PL microscopy to investigate the time and spatial 
characteristics of light-induced and oxygen-assisted trap de-activation in 
CH3NH3PbI3 perovskite films. A model of recombination kinetics based on rate 
equations is applied to simulate the observed effect.  
• Chapter 6 presents a method to quantify the quality of perovskite films using a 
combination of steady-state and transient photoluminescence measurements. 
The combined experimental data sets are fitted using a single, general 
recombination model, from which detailed trap and recombination parameters 
can be extracted, and the accuracy of the fitted values estimated.  This 
approach expands the application of confocal photoluminescence 
measurements to include quantitative evaluation of the most relevant defect 
characteristics, including trap density, energy level and carrier capture 
coefficients. 
• Chapter 7 investigates the physical origins of the bi-exponential decay observed 
in time-resolved PL measurements on perovskite films. The general 
recombination model is applied to investigate the relationship between excess 
carrier density and carrier lifetime in different conditions to provide an 
interpretation of the measured PL lifetime of perovskite films. 
• Finally, a conclusion of the thesis is made in Chapter 8 along with an outlook of 
future work that can be continued in this field. 
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Chapter 2 Literature Review 
This chapter first introduces confocal microscopy as a technique for solar cell 
characterisation, and the development of perovskite solar cells. Then, stability studies 
of perovskites and the dynamics of carriers and traps in perovskite materials are 
reviewed. Finally, different interpretations of recombination rates and carrier lifetimes 
are discussed with respect to the recombination mechanisms of perovskites. 
2.1 Confocal microscopy 
The confocal scanning microscope was first invented by Marvin Minsky in 1955 [10]. It 
is an optical imaging system which incorporates a point-by-point illumination source 
such as laser, and a pinhole at the front of the detector where the reflected light or 
fluorescence is collected. This configuration ensures that only the light emitted from 
the focus plane is detected, and any out-of-focus signal is eliminated (Figure 2.1). This 
approach improves the optical resolution and contrast of the scanned image with 
respect to the standard optical microscope [11]. 
 
Figure 2.1 Principle setup of a confocal microscope. (Adapted from [11]) 
With the development of nanotechnology in solar cells, confocal microscopy has been 
widely used to characterise photovoltaic devices for investigating the optical and 
electrical effects introduced by nanostructures. For example, confocal reflectance 
mapping has been applied to study the local light harvest associated with surface 
texturing or nanoparticles [6]. Confocal microscopy is also used in other techniques 
that require a focussed laser beam and a precise signal, such as photoluminescence [7] 
and Raman [8] spectroscopies. In this thesis, all the measurements are performed 
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using confocal microscopes, including confocal reflectance and photocurrent mapping 
of a silicon thin film solar cell (Chapter 4); confocal Raman spectra measured on 
CH3NH3PbI3 films (Chapter 4); confocal PL measurements on perovskite films including 
the extraction of PL spectra, PL intensity, PL images, and PL lifetime (Chapter 4 - 6).  
2.2 The history of perovskite solar cells 
As introduced in Chapter 1, the first perovskite solar cell was invented in 2009 by 
Kojima et al. with 3.8% conversion efficiency. This cell utilized lead halide perovskite as 
a sensitizer in a dye sensitized solar cell (DSSC) with liquid electrolyte [9]. In 2011, Park 
et al. improved the efficiency of perovskite DSSC to 6.5% by fabricating 2-3 nm sized 
perovskite nanoparticles on TiO2 thin film [12]. This same group, in the next year, 
replaced the liquid electrolyte of the perovskite solar cell by solid hole transport 
material – Spiro-MeOTAD, which led to a much more stable solar cell with an efficiency 
of 9.7% [13]. Since then, the development of solid-state perovskite solar cell begins. 
Within nine years, the conversion efficiency of perovskite solar cells has been boosted 
up to 22% [2].  
Most of the high efficiency perovskite cells utilize a mesoporous structure, where 
perovskite is filled into TiO2 scaffolds [14-16]. This configuration is supposed to 
increase the contact area between active layer and electron transport material (ETM), 
as a result, the electron collection could be more efficient. However, the planar 
structured perovskite solar cells also achieve a high efficiency (15%) [17], which 
indicates that the planar perovskite film itself has excellent opto-electronic properties. 
In the followed chapters, planar perovskite films are characterised to evaluate the 
material properties of perovskites. 
Since perovskite is the catch-all term for a group of materials with the same crystalline 
structure, the actual composition of perovskites in the reported perovskite cells are 
quite different. Researchers develop perovskite films with different cations and halides 
in order to increase the efficiency, improve the cell stability, and tune the absorption 
wavelengths [18-22]. Thus, comparing perovskite films with different composition may 
provide some suggestions of improving perovskite solar cell efficiency. In Chapter 6, 
CH3NH3PbI3 and Cs0.07Rb0.03(FA0.85MA0.15)0.9Pb(I0.85Br0.15)3 perovskite films are 
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investigated. The underlying reasons of the better performance for the mixed cation 
perovskite cells are discussed.  
It is known that the regular structure of perovskite solar cells is n-i-p structure, the 
efficiency of devices with this structure have reached over 20% [23]. In recent years, 
the inverted structured (p-i-n) perovskite solar cells have gained attention due to their 
easy-fabrication, compatibility with flexible substrates, suppressed hysteresis 
characteristics, and potential of fabricating multijunction cells [24-28]. The inverted 
planar heterojunction perovskite solar cells even achieved a stabilized 21%, with a high 
open-circuit voltage of 1.21 V [28]. This further makes the investigation of the 
recombination kinetics of planar perovskite films become more and more attractive. 
2.3 The challenges of characterising perovskite solar cells 
A key focus of this thesis is the PL measurement of perovskite films for characterising 
the optical and electrical properties of perovskites and potentially improving the 
efficiency of perovskite solar cells. However, stability is a major issue in the 
development of perovskite solar cells [29, 30], and impedes the characterisation of 
perovskite samples. Ledinský once pointed out that some reported Raman spectra of 
perovskite films were measured on degraded samples [31]. On one hand, perovskite 
solar cells generally undergo rapid degradation on exposure to moisture, high 
temperature, UV light and oxygen [29, 30, 32-38]; on the other hand, some post-
treatments of light and oxygen has been shown to benefit the performance of 
perovskite films [39-46]. 
2.3.1 Degradation 
Moisture induced degradation  
Moisture is the most common factor that induces the degradation of perovskites 
[32-34]. The first step of the moisture induced degradation of CH3NH3PbI3 is the 
perovskite hydration process rather than simply resulting in PbI2, which produces 
monohydrate CH3NH3PbI3·H2O. Then, the dihydrate (CH3NH3)4PbI6·2H2O can be 
produced by additional hydration with the formation of PbI2 (see Equation 2.1) [32, 33].  
 
4(𝐶𝐻3𝑁𝐻3)𝑃𝑏𝐼3 + 4𝐻2𝑂 ⇄ 4[(𝐶𝐻3𝑁𝐻3)𝑃𝑏𝐼3 ∙ 𝐻2𝑂]
⇄ (𝐶𝐻3𝑁𝐻3)4𝑃𝑏𝐼6 ∙ 2𝐻2𝑂 + 3𝑃𝑏𝐼2 + 2𝐻2𝑂 
 2.1 
 
 
8 
 
The decomposition of perovskite is a reversible reaction; however, the migration of 
metal halide may lead to device degradation [47]. Density functional theory analysis 
further proves that the reason for moisture induced degradation is the reduction of 
hydrogen bonding between PbI6 and CH3NH3+ cation [48]. Moreover, the humidity 
level directly affects the rate of degradation. For example, the perovskite films 
fabricated by Yang et al can survive tens of days under 50% relative humidity level and 
less than 3 days under 80% relative humidity level [34]. 
Temperature induced degradation 
Thermal annealing is always required during the fabrication of perovskite films to 
improve the crystallinity [49]. However, post-treatment of perovskite films with high 
temperatures will induce degradation. In high resolution characterisation of perovskite 
thin films, a focussed laser beam is usually applied to generate an opto-electronic 
response. This may introduce strong local heating of the thin film, which acts as 
localised post-annealing. Therefore, thermal stability of perovskite thin films should be 
considered during the characterisation. The thermal instability of CH3NH3PbI3 
perovskite may originate from two aspects. One is its irreversible phase transition from 
tetragonal to cubic at around 57 °C [30]. This phase transition is expected to have a 
negative impact on the photovoltaic performance of perovskite solar cells [50]. 
Another is the temperature induced decomposition of CH3NH3PbI3, which forms 
CH3NH2, HI and PbI2 [38]. These constituents have poor optical and electrical 
behaviours. 
The required ambient temperature of thermal induced degradation can be analysed by 
calculating the formation energy of perovskite polycrystals per unit cell. When the 
thermal energy of ambient temperature is higher than the crystal formation energy, 
the degradation of the perovskite film is very likely to occur [51]. Furthermore, the 
thermal conductivity of hybrid metal halide perovskites is quite low. This may lead to a 
slow distribution of heat across the film and concentrated heating in localised regions, 
which increases the potential of temperature induced mechanical stress [52].  
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UV light induced degradation 
Perovskite solar cells tend to degrade even under AM1.5G, 1-Sun illumination. The 
commonly used electron transport layer TiO2 in perovskite solar cells might be the 
reason for the light induced degradation, as it is photocatalytically active under UV 
light [35]. Thus, UV induced degradation of perovskite solar cells can be considered as 
the surface chemistry associated with TiO2.  
For the perovskite bulk layer, CH3NH3PbI3 can also be broken down into PbI2 
irreversibly under UV illumination [36, 37, 49]. In addition, exposing the Pb-X bond in 
organolead halide perovskite materials (MAPbX3) leads to a breakdown into dihalogens 
(I2, Br2, and Cl2) due to the generation of halogen free radicals. The well-ordered 
inorganic matrix formed by inorganic Pb2+ and X- even enhances the absorption and re-
emission of light [29]. Therefore, halogen elimination might be another possible reason 
for the light-induced degradation of perovskite solar cells. 
Oxygen induced degradation 
The presence of UV illumination can also promote reactions between oxygen and 
organic molecules, forming peroxide or superoxide compounds [53-55]. Those 
compounds result in the decomposition of perovskite active layers. This process was 
introduced as the UV and oxygen induced degradation of perovskite solar cells. 
2.3.2 Enhancement of opto-electronic performance 
On the other hand, certain post treatment on the as-prepared perovskite solar cells or 
perovskite films could benefit their photovoltaic performance. 
Light soaking 
The post-treatment of solar cells under a certain amount of light exposure for 
improving cell performance is the so-called light soaking process. As shown in Figure 
2.2, the measured device parameters of an as-prepared organic solar cell with a 
structure of ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag1 exhibited an S-shape J-V curve with 
an extremely low fill factor (Fig. 2(a) in [56]). However, after 20 minutes white light 
illumination, the fill factor, as well as the open-circuit voltage, were both dramatically 
                                                     
1 ITO stands for Indium tin oxide; P3HT stands for Poly(3-hexylthiophene); PCBM stands for Phenyl-C61-
butyric acid methyl ester; PEDOT:PSS stands for poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. 
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improved [56]. The shape of J-V curve also recovered back to that expected for this 
type of solar cells (see the red curve in Figure 2.2). This light soaking phenomenon has 
been observed in organic solar cells, where photo-induced rearrangement of Fermi 
levels could occur at the TiOx and ITO interface [56]. 
 
Figure 2.2 The J-V characteristics of polymer solar cells before (black) and after (red) white light irradiation.  
(Adapted from [56]) 
TiOx and ITO are also commonly used in perovskite solar cells as the electron transport 
material and the cathode, respectively. Thus, light soaking effect has also been 
observed in perovskite solar cells using TiO2 as electron transport material [39, 40]. It is 
demonstrated in Figure 2.3 that the efficiency of an as-prepared perovskite solar cell 
with the configuration of FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/Spiro-MeOTAD/Ag2 was 
almost doubled after 15 minutes of light soaking effect (FIG. 2 in [39]). This 
enhancement of device performance was shown to be partially irreversible since the 
efficiency remained at 70% of the maximum after storing the device in the dark for 4 
days (Figure 2.3d). 
                                                     
2 FTO stands for fluorine doped tin oxside; bl stands for blocking layer; mp stands for mesoporous; Spiro-
MeOTAD stands for 2,2’,7,7’-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene. 
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Figure 2.3 Relationship between the performance parameters (from top to bottom: PCE, FF, VOC, and JSC) and 
scanning times obtained in: (a) fresh device and the same device stored in the dark for (b) 1, (c) 2, and (d) 4 days. 
(Adapted from [39]) 
With further investigation, Liu et al indicated that light exposure could increase the 
concentration of oxygen vacancies in TiO2, which is analogous to an increase of doping 
density in conventional semiconductors [39]. As a result, the conductivity of TiO2 layer, 
as well as the charge extraction rate at the mp-TiO2/perovskite interface could be 
enhanced, which eventually led to an improvement in power conversion efficiency of 
the perovskite solar cell. 
Combining the PL intensity and lifetime measurements of perovskite solar cells along 
with the standard J-V measurements under different light exposure conditions, Deng 
studied the light soaking phenomenon of perovskite solar cells from the perspective of 
ion migration and accumulation [40]. Figure 2.4 shows the time-dependent J-V curves 
after light soaking process in (a) open-circuit and (b) short-circuit conditions (Fig. 2b 
and 6b in [40]). The small light soaking effect on the J-V curves in the short-circuit 
condition implied that this light induced enhancement of perovskite solar cells can be 
associated with ion migration, because no electric field was applied to the solar cell. 
Deng et al concluded that positive ions such as iodide vacancies were accumulated 
near the interface between the hole transport layer and the perovskite bulk layer in 
the as-prepared solar cells, which resulted in a reduction of charge carrier separation. 
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Thus, the surface recombination is increased, and the performance of the perovskite 
solar cell is suppressed. Light soaking effect could effectively enhance ion migration 
under an electric field (open-circuit condition), where the positive ions drift away from 
the spiro-MeOTAD/perovskite interface, leaving behind negative ions which 
accumulate at that interface [40].  
 
Figure 2.4 J-V measurements for CH3NH3PbI3 solar cells light soaked in (a) open-circuit and (b) short-circuit 
conditions. (Adapted from [40]) 
Oxygen-related PL enhancement 
Apart from the effects on the interfaces of the perovskite solar cells, light-induced 
enhancement on perovskite films has also been observed by comparing the PL 
intensity and lifetime under different atmospheres [41, 42]. Figure 2.5 demonstrates 
the time-dependent PL intensity of CH3NH3PbI3 films measured in air, nitrogen gas and 
oxygen gas environment in a sequence. After a rapid increase in the first 2 minutes, 
the PL intensity of perovskite film measured in air dropped back for over more than 10 
minutes. Changing the measurement atmosphere to N2, the PL intensity was slightly 
recovered and then stabilised. Moving the stable perovskite film into an O2 
environment, the measured PL intensity of perovskite film still increased up to 1500 
counts with much a slower drop off afterwards [41]. The fast reduction of PL intensity 
measured in air could result from the moisture induced degradation of perovskite films, 
as mentioned above.  
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Figure 2.5 Evolution of the PL intensity with the sample exposed to different atmospheres – air, N2 and O2. Grey 
(black) curves correspond to experimental data (fits). (Adapted from [41]) 
Tian also measured the PL lifetime of perovskite films during the period of PL intensity 
enhancement [42]. The effective carrier lifetime of CH3NH3PbI3 perovskite films 
increased from a few nanoseconds to hundreds of nanoseconds over 5 minutes under 
illumination (Figure 2.6). This work indicated that the non-radiative recombination rate 
of the light-exposed perovskite film can be effectively reduced due to the removal of 
trapping sites assisted by the photochemical reaction involving oxygen [42].  
 
Figure 2.6 (a) Steady-state PL intensity as a function of light exposure time. (b) The corresponding PL decays through 
the enhancement process measured at the indicated times. (c) The same data of (b) on the logarithmic scale. 
(Adapted from [42]) 
The origins of oxygen-assisted light-induced PL enhancement observed on perovskite 
films have been investigated by many researchers. It has been suggested that oxygen 
molecules could react with trapped photocarriers which may de-activate the traps. 
With effective defect passivation, trap-assisted recombination could be reduced to 
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enhance the band-to-band radiative recombination [41-43]. The de-activated traps 
were specified to be surface traps according to the investigation of the PL 
enhancement on CH3NH3PbBr3 single crystals due to the limited penetration of oxygen 
gas into perovskite crystals [44]. In a study of oxygen-induced enhancement of 
perovskite PL quantum yield, the de-activation mechanism of deep traps was proposed 
and modelled by density functional theory. It was suggested that stable oxidised 
products were formed due to the reaction between oxygen molecules and iodide 
interstitials [45]. However, this result was not in agreement with the reversible process 
of trap passivation observed in previous studies [41-44]. Meggiolaro also suggested a 
method to experimentally detect the oxidised defect products using vibrational 
analysis in the 300-700 cm-1 frequency range [45]. 
A detailed study was also carried out to investigate oxygen related PL enhancement in 
perovskite single crystals using confocal fluorescence microscopy [46]. The time- and 
depth-dependent PL intensity of perovskite single crystals were measured at different 
excitation wavelengths, excitation energies and gas environments. Similarly, it was 
concluded that the PL intensity of perovskite materials could be enhanced by the 
exposure of light and oxygen. Moreover, it indicated from the depth-dependent PL 
measurement that the dominant mechanism for oxygen related PL enhancement was 
the penetration of oxygen species instead of the diffusion of oxygen gas. Therefore, 
unlike superoxide-induced degradation described in Section 2.3.1, Feng proposed that 
the superoxides O2- formed from the reaction between O2 and free carriers could 
passivate the defects in perovskites in order to enhance the radiative recombination 
[46]. 
From the investigation of the reversible oxygen assisted PL enhancement of perovskite 
materials, Stoeckel proposed the application of perovskite devices as oxygen sensors 
[57]. The first reversible, fast and wide-range perovskite oxygen sensor was 
demonstrated in ref. [57] through the measured current of this device (Figure 2.7). 
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Figure 2.7 (a) Real time change in the current measured in a perovskite film in response to O2 concentration. Inset: 
speed of the sensor response. (b) Reversibility of the sensor. The O2 concentration is initially decreased from 20.9% to 
11.7% and then increased back to 20.9%. (c) Fast response of the sensor. The blue line indicates the instant in which 
oxygen gas is introduced in the chamber. After this moment, the oxygen content in the proximity of the sample 
increases slowly until it reaches an equilibrium state (marked by the red line). (Adapted from [57]) 
As discussed above, the stability of perovskite materials is a big issue in 
characterisation. A detailed stability test of the perovskite films fabricated in our lab 
has been demonstrated in Section 4.3. To investigate the optical and electrical 
properties of those materials, one has to ensure that the samples are measured in a 
controlled environment, for example nitrogen atmosphere, where the detected 
parameters are not affected by the ambient during the experiment. The perovskite 
samples measured in Chapter 5 and 6 are protected from degradation during the 
measurements. Moreover, the investigation of the transient behaviours of perovskite 
materials, for instance the PL enhancement caused by light and oxygen, is also an 
important field in characterising perovskite materials, and is discussed in detail in 
Chapter 5. 
2.4 Properties of carriers and traps 
During the investigation of PL enhancement in perovskites, a lateral extension of PL 
enhanced area is observed from the confocal PL images (Chapter 5). To understand the 
cause of the spreading PL signal, the dynamics of carriers and traps inside the materials 
should be studied. The following section reviews the measurements of carrier diffusion 
length and trap properties on perovskite single crystals and/or films. 
2.4.1 Carrier diffusion 
It is known that the diffusion length (𝐿𝐷) of photogenerated carriers depends on the 
carrier mobility (𝜇) and carrier lifetime (𝜏) 
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 𝐿𝐷 = √𝐷𝜏 = √
𝜇𝑘𝐵𝑇
𝑞
𝜏, 2.2 
where 𝐷 is the diffusivity, 𝑘𝐵 is Boltzmann constant, 𝑇 is the absolute temperature and 
𝑞 is the electric charge. 
Time-of-flight methods have been frequently used to measure the drift mobility of 
minority carriers in semiconductors [58-62]. A detailed configuration of the 
measurement is discussed in [63]. This method has been applied to the measurements 
of carrier mobility on perovskite single crystals [62, 64]. The carrier lifetime of 
perovskites can be measured through time-resolved PL decay [62, 64-66]. Thus, the 
carrier diffusion length in perovskite single crystals can be calculated using Equation 
2.2. The reported diffusion length was around 175 µm for the CH3NH3PbI3 single 
crystals grown by solution-growth [64]. 
Unlike perovskite single crystals, perovskite thin films used in solar cells are 
polycrystalline in most cases. Thus, the carrier diffusion length in perovskite films 
should be much shorter than that in perovskite single crystals. Handloser directly 
observed the carrier diffusion by extracting PL images using a time-resolved laser 
scanning confocal PL microscope [67]. The schematic in Figure 2.8 illustrates the 
experimental approach: the excitation was fixed at the centre of scanned area, while 
the PL intensity was detected by scanning across the film. Therefore, the carrier 
diffusion length of perovskite films could be roughly estimated by the furthest distance 
from the centre where a PL signal could still be detected [67]. 
 
Figure 2.8 Schematic illustration of the experimental approach and the sample layout. In detection scans, the 
excitation and sample position are fixed while the detection is scanned. PL (red area) observed at remote detection 
areas clearly indicates charge carrier transport within the film. (Adapted from [67]) 
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In addition, the steady-state photocarrier grating (SSPG) technique introduced by 
Adhyaksa has also been used to extract carrier diffusion length in perovskite films [68]. 
This technique detects the change in photoconductivity associated with a periodic 
optical grating created by two interfering laser beams. By solving the one-dimensional 
steady-state diffusion equation (Equation 2.3), it was found that the photoconductivity 
is strongly related to the laser grating period, and the carrier diffusion length (𝐿𝐷) 
could be directly extracted from the gradient of (
1
1−𝛽
)
1 2⁄
 as a function of (
1
𝛬
)
2
 (Figure 
2.9), where 𝛽 is the ratio between photoconductivity with and without grating, 𝛬 is the 
period of laser grating and 𝑍  is a fitting parameter associated with the grating 
formation. 
 (
1
1 − 𝛽
)
1 2⁄
=
(2𝜋𝐿𝐷)
2
(2𝑍)1 2⁄
(
1
𝛬
)
2
+
1
(2𝑍)1 2⁄
 2.3 
Carrier diffusion lengths of a few hundred nanometres were estimated for CH3NH3PbI3 
and CH3NH3PbBr3 perovskite films using this method (see Figure 2.9) [68]. However, 
the limitation of this method is that conductivity measurements require a bias voltage 
to be applied across the film, which may introduce ion migration [69].  
 
Figure 2.9 Experimental data of a transform of the photoconductivity ratio (𝛽) as a function of grating period (∧) 
before (filled dots) and after (unfilled dots) passivation measured on MAPbBr3 (green dots) and MAPbI3 (blue dots) 
samples. The lines are the linear fitting of each corresponding data. (Adapted from [68]) 
Moreover, Webber et al applied the femtosecond four-wave mixing (FWM) method on 
perovskite films to measure the diffusion length of photocarriers [70]. In the 
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experiment, three noncollinear optical pulses were focussed on to the sample as 
demonstrated in Figure 2.10.  
 
Figure 2.10 Schematic diagram of the FWM setup. (Adapted from [70]) 
The interference between pulse 1 and pulse 2 generate a periodic spatial modulation 
of carrier density, forming a transient grating. Pulse 3 is then used to detect the 
diffracted signal as a function of delay time 𝑇 between pulse 2 and 3. Thus, the 
intensity of FWM signal (𝐼) depending on the delay time can be expressed as 
 𝐼(𝑇) ∝ exp(− 𝑇 𝑇𝑠⁄ ). 2.4 
𝑇𝑠 is the time constant extracted from the exponential decay of the FWM signal (Figure 
2.11a) for the corresponding grating constant 𝑑 =
𝜆
2 sin𝜃 2⁄
, where 𝜆  is the laser 
wavelength and 𝜃 is the angle between the focussed pulse 1 and 2. The decay constant 
𝑇𝑠 can also be determined by 
 
1
𝑇𝑠
=
2
𝑇𝐿
+
8𝜋2𝐷
𝑑2
, 2.5 
where 𝑇𝐿 is the carrier lifetime and 𝐷 is the carrier diffusivity. Therefore, by plotting 
the extracted decay constant 𝑇𝑠 as a function of the laser grating for the corresponding 
FWM decay measurement, the carrier lifetime and diffusivity can be extracted from 
the vertical intercept and gradient of the line, respectively (Figure 2.11b) [70]. 
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Figure 2.11 (a) FWM signal as a function of delay time 𝑇 at 300 K for d = 4.14 μm. The solid curve is a least-square fit 
to Equation 2.4. (b) Inverse signal decay time 1 𝑇𝑠⁄  as a function of 8𝜋
2 𝑑2⁄  measured at 300 K. The solid line is a fit 
of the data to Equation 2.5. (Adapted from [70]) 
This method of determining carrier diffusion is non-contact, and hence eliminates the 
interference from interfaces and avoids the impact of an electric field. The carrier 
diffusion length of solution-processed CH3NH3PbI3 films measured in this work was 
around 0.95 ± 0.07 µm [70]. 
2.4.2 Trap density, trap energy levels and capture cross-section 
Many different methods have been used to measure the trap density, trap energy 
levels and capture cross-section of electrons and holes in perovskite materials. 
Temperature derivative capacitance-frequency measurement is used to determine the 
trap density in amorphous silicon solar cells [71]. Fitting the results of PL lifetime and 
PLQE measurements to a recombination model provides an estimation of the trap 
density in perovskite films [72, 73]. In this section, the methods that are commonly 
applied to directly measure trap properties of perovskite films are reviewed and the 
parameter extraction from model fitting are discussed along with the recombination 
kinetics of perovskites in Section 2.5.2 and 2.5.3. 
The density of traps in perovskite solar cells can be determined by thermal stimulated 
current (TSC) analysis [74-76]. In this method, a temperature-dependent current was 
measured inside a vacuum chamber, giving a spectrum of thermal stimulated current. 
The trap density is estimated from the integration of measured spectrum (Figure 
2.12a), and the TSC spectrum was then fitted to several Gaussian distributions in order 
to identify different trap states (see the peaks in Figure 2.12a). For each type of traps, 
the activation energy (𝐸𝑎) can be extracted from the Arrhenius plot 𝑘 = 𝐴𝑒
−𝐸𝑎
𝑘𝐵𝑇 (Figure 
 
 
20 
 
2.12b), where 𝑘  is the rate constant, 𝐴  is the pre-exponential factor, 𝑘𝐵  is the 
Boltzmann constant and 𝑇 is the absolute temperature (in Kelvin).  
 
Figure 2.12 (a) Deconvolution of the TSC curve obtained from measurements. The red line is the sum of the three 
peaks used to deconvolute the experimental TSC curve. (b) Arrhenius plot showing the activation energy. (Adapted 
from [74]) 
On the other hand, capacitance measurements have been applied to determine the 
relative dielectric constant of perovskite solar cells [76]. At low frequencies, all traps 
should respond to an applied voltage. Thus, the saturated capacitance, which implies 
that the depletion region has extended to the interface, is given by 𝜀𝐴/𝑡 (𝑡 is the 
thickness of perovskite layer, 𝐴 is the measured area and 𝜀 the dielectric constant). 
From the result plotted in Figure 2.13, Samiee determined that the relative dielectric 
constant of CH3NH3PbIxCl3-x perovskite solar cells was around 18 [76]. Therefore, the 
capture cross-section of traps can be estimated from the static dielectric constant 
using a Coulomb model [77]. 
 
Figure 2.13 Capacitance vs. voltage data under forward and reverse bias. (Adapted from [76]) 
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2.5 The interpretation of recombination rates 
Theoretical analysis of the recombination rates has been used to explain oxygen-
assisted light-induced PL enhancement in perovskite films (Chapter 5), which 
encouraged the investigation of recombination kinetics in perovskites through PL 
measurements. The estimation of parameters associated with traps has been reviewed 
previously in Section 2.4.2. In this section, the interpretation of recombination rates 
extracted from both steady-state and transient measurements on perovskites will be 
discussed. 
The two types of recombination mechanisms in semiconductor materials include 
radiative recombination and non-radiative recombination (trap-assisted recombination 
and Auger recombination). Suppressing the non-radiative recombination in perovskite 
layer is clearly beneficial; however, before optimising the bulk material, it is necessary 
to evaluate the rates of each recombination mechanism.  
Perovskite solar cells are expected to work under steady-state conditions. Thus, the 
steady-state PL intensity as a function of continuous-wave excitation intensity can be 
used to study the recombination kinetics, because the PL intensity directly reflects the 
radiative recombination rate. And the PL intensity of a perovskite film is related to the 
potential maximum voltage the solar cell can achieve. In addition, transient PL decay is 
a valuable tool to identify the recombination mechanisms that occur during excited-
state relaxation processes. The carrier lifetime extracted from the decay curve is an 
indicator of the perovskite film quality, since a longer carrier lifetime can allow free 
carriers to be collected by the corresponding electrodes before being recombined. 
Furthermore, transient absorption spectroscopy enables the characterisation of band 
edge recombination on an ultrafast timescale, providing insight into the relaxation 
pathway of photogenerated charges. These measurements can provide information of 
recombination kinetics in perovskite materials to some extent, thus, different 
interpretations of experimental data will be reviewed in this section. 
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2.5.1 Steady-state measurements for identifying recombination 
kinetics 
The measured steady-state PL intensity of perovskite films strongly depends on the 
excitation intensity (𝐼). A simple way to describe this relationship is the power law 
dependence (Equation 2.6). 
 𝑃𝐿 = 𝐼𝑥  2.6 
As reported in [78], the PL intensity scales with 𝐼3 2⁄  for a wide range of excitation from 
laser intensities much lower than one sun to intensities large enough to create 
population inversion and optical gain (Figure 2.14a). 
This 3/2 power law has been attributed to the trapping effect of intra-gap defects. 
Assuming the trapped species are electrons, Figure 2.14c demonstrates the 
recombination pathway at low excitation levels during which the electrons fall into 
traps before recombining with holes from the valence band. Combining the 
monomolecular trapping process (𝑛𝑒 ∝ 𝐼) and the remaining radiative bimolecular 
recombination (𝑛ℎ ∝ √𝐼), the steady-state PL at low excitation levels follows the 
relationship: 𝑃𝐿 ∝ 𝑘𝑏𝑛𝑒𝑛ℎ ∝ 𝑘𝑏𝐼
3
2  [78]. At high excitation levels, the densities of 
photogenerated carriers are much larger than the trap density. As a result, the traps 
are filled at steady-state condition and bimolecular recombination becomes dominant. 
Thus, the power law slowly changes to a linear one, where 𝑛ℎ(𝑒) ∝ √𝐼 [78]. 
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Figure 2.14 (a) Steady-state PL signal as a function of laser intensity. (b) Electron density (blue line), hole density (red 
line) and the density of filled traps (dotted line) as a function of laser intensity. (c) Schematic diagram of the 
relaxation of optical excitations under steady-state conditions. (Adapted from [78]) 
Sutter-Fella performed similar steady-state PL measurements on CH3NH3PbI3-xBrx 
perovskite materials [79] as a function of the photocarrier generation rate. By varying 
the ratio of I- and Br-, the fits resulted in different power laws (Figure 2.15). In this 
work, the excitation levels are represented as carrier generation rates, and the PL 
intensity, which is proportional to radiative recombination rate, was characterised by 
power law fits. For steady-state condition, total recombination rate (combining 
radiative recombination, SRH recombination and Auger recombination) equals to the 
carrier generation rate. Thus, power law dependence equal to 1 reflects direct 
electron-hole recombination (radiative recombination) [79]. SRH recombination is 
dominated at lower excitation levels, where traps are not fully filled; and Auger 
recombination will be dominating at higher excitation levels. 
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Figure 2.15 Steady-state PL signal as a function of generation rate for three Br concentrations. Solid lines are fit of 
the data. (Adapted from [79]) 
Comparing the transition of recombination kinetics among different perovskite 
materials, it is found that the pure Br perovskite could have a higher trap density than 
mixed-halide perovskites. However, the exact value of the trap density could not be 
extracted from this plot. 
Blancon et al further investigated the excitation-dependent PL intensity with the 
extracted equivalent excitation density from time-dependent PL intensity at the band-
edge [80]. In this case, the measured PL intensities were plotted as a function of 
correlated excitation densities (Figure 2.16). Power law fits were then applied to the 
experimental data showing a transition of gradient from monomolecular 
recombination (𝐼𝑃𝐿~𝑁0) to bi-molecular recombination (𝐼𝑃𝐿~𝑁0
2) at the excitation 
density of 2.5 × 1015𝑐𝑚−3. This allowed for an estimation of intrinsic trap density 
𝑁𝑡 ≈ 2.5 × 10
15𝑐𝑚−3 [80]. 
 
Figure 2.16 Steady-state PL signal as a function of excitation density. Dashed lines are fits of the data. (Adapted from 
[80]) 
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Here, it is found that the trend of power law dependences is different with previous 
studies (Figure 2.14 and Figure 2.15). However, both trends can be observed if the 
range of excitation intensity is sufficiently large (Chapter 6 Figure 6.5). The modelled 
result in Chapter 7 (Figure 7.6) also describes the domination of recombination kinetics 
at different excitation levels in detail. The power law fit of excitation-dependent 
steady-state PL intensity has the potential to qualitatively identify the dominant of 
SRH-like monomolecular recombination and radiative bimolecular recombination. 
However, it is difficult to use this method to quantify recombination rates. 
2.5.2 Transient measurements for extracting recombination 
properties 
Apart from the steady-state PL intensity measurement, recombination properties are 
also analysed based on the results of transient measurements. The recombination 
kinetics of perovskite films were investigated by analysing the band-edge transitions at 
various optical pump intensities [81, 82]. From Terahertz photoinduced transient 
absorption decay, the kinetics of the band-to-band transition can be modelled by the 
simple polynomial equation (Equation 2.7). 
 −
𝑑𝑛
𝑑𝑡
= 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3 2.7 
𝑛 is the photogenerated carrier density and 𝑡 is time. The three terms were ascribed to 
three charge carrier annihilation processes: (1) first-order trap-assisted recombination; 
(2) second-order radiative band-to-band recombination; and (3) third-order Auger 
recombination. 
 
Figure 2.17 (a) Normalised THz photoinduced transient absorption of CH3NH3PbI3 for excitation wavelength 760nm. 
(Adapted from [81]) (b) THz photoinduced transient absorption of CH3NH3PbI3-xClx films for excitation wavelength 
550 nm. (Adapted from [82]) 
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With the estimated effective carrier mobilities extracted from ultrafast THz absorption 
spectra, Wehrenfennig extracted the decay constants of CH3NH3PbI3-xClx perovskite 
from transient absorption measurements [82]. Although the decay constants cannot 
be directly assigned to the corresponding recombination rates, this polynomial fit can 
still be used to compare the recombination kinetics between different perovskite films. 
The limitation of this model is that it assumes an equal density of electrons and holes, 
and thus more complicated models must be used to describe the transient densities of 
electrons and holes separately. 
The above methods are simple numerical analysis of recombination kinetics in 
perovskites; however, it is also necessary to understand the recombination kinetics 
based on the underlying physics. Stranks and Manger investigated the transient PL 
intensity decay by fitting experimental data using rate equations that account for the 
dynamics of excitons, charge carriers and traps [72, 73]. Both studies considered 
geminate and non-geminate recombination mechanisms in the models. Geminate 
recombination is associated with the formation, dissociation and recombination of 
excitons, which is an issue for organic solar cells as it is difficult to separate the 
dissociated charges [83]. Non-geminate recombination is associated with the free 
charge carriers such as radiative, trap-assisted and Auger recombination.  
The transient density of electrons (𝑛𝑒), excitons (𝑛𝑥) and filled traps (𝑛𝑇) are expressed 
in Equation (2.8-2.10) (Equation (1-3) in [72]). 𝑅𝑓, 𝑅𝑑 and 𝑅𝑥 are the rates of exciton 
formation, dissociation and decay. 𝑅𝑒ℎ , 𝑅𝑝𝑜𝑝  and 𝑅𝑑𝑒𝑝  are the rates of radiative 
recombination, trap population and depopulation. 𝑁𝑇 is the total density of traps in 
the perovskite films. Using rate equations, Stranks successfully extracted the 
recombination rates and total trap density from the time-resolved PL measurements at 
three excitation levels (the fitted curve is shown in Figure 2.18) [72]. 
 
𝑑𝑛𝑒
𝑑𝑡
=
𝐼
𝑑
+ 𝑅𝑑𝑛𝑥 − 𝑅𝑓𝑛𝑒𝑛ℎ − 𝑅𝑒ℎ𝑛𝑒𝑛ℎ − 𝑅𝑝𝑜𝑝𝑛𝑒(𝑁𝑇 − 𝑛𝑇) 2.8 
 
𝑑𝑛𝑥
𝑑𝑡
= 𝑅𝑓𝑛𝑒𝑛ℎ − 𝑅𝑑𝑛𝑥 − 𝑅𝑥𝑛𝑥 2.9 
 
𝑑𝑛𝑇
𝑑𝑡
= 𝑅𝑝𝑜𝑝(𝑁𝑇 − 𝑛𝑇)𝑛𝑒 − 𝑅𝑑𝑒𝑝(𝑛𝑇
2 + 𝑛𝑇𝑛𝑒) 2.10 
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Figure 2.18 PL decays detected at 780 nm for CH3NH3PbI3−xClx films with different initial photoexcitation density. 
Solid lines are fits of the data. (Adapted from [72]) 
In Figure 2.19, Manger summarised the potential relaxation pathways of photocarriers 
in perovskite films: dissociation of spatially correlated electron-hole pairs (𝑘𝑑𝑖𝑠), 
recombination of the electron in a hole-catalysed spatially correlated pair (𝑘ℎ𝑐𝑎𝑡), 
third-order Auger recombination ( 𝑘𝐴𝑢𝑔 ), radiative recombination between free 
electrons and holes (𝑘𝑟𝑒𝑐), the trapping of free electrons (𝑘𝑡𝑟𝑎𝑝) and the non-radiative 
recombination of the de-trapped electrons with free holes (𝑘𝑑𝑡𝑟𝑝). 
 
Figure 2.19 Recombination pathways in perovskites. (Adapted from [73]) 
The recombination kinetics are expressed by the differential equations below: 
 
𝑑𝐺
𝑑𝑡
= 𝑝𝑢𝑙𝑠𝑒(𝑡) − 𝑘𝑆𝐸1𝐺 − 𝑘𝑆𝐸2𝐺
2 − 𝑘𝑆𝐸3𝐺
3
−𝑘𝑑𝑖𝑠𝐺 − 𝑘ℎ𝑐𝑎𝑡𝐺𝐻 − 𝑘𝐴𝑢𝑔𝐺
3 
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𝑑𝐸
𝑑𝑡
= 𝑘𝑑𝑖𝑠𝐺 − 𝑘𝑟𝑒𝑐𝐸𝐻 − 𝑘𝑡𝑟𝑎𝑝𝐸(𝑇 − 𝐹) 2.12 
 
𝑑𝐻
𝑑𝑡
= 𝑘𝑑𝑖𝑠𝐺 − 𝑘𝑟𝑒𝑐𝐸𝐻 − 𝑘ℎ𝑐𝑎𝑡𝐺𝐻 − 𝑘𝑑𝑡𝑟𝑝𝐹𝐻 2.13 
 
𝑑𝐹
𝑑𝑡
= 𝑘𝑡𝑟𝑎𝑝𝐸(𝑇 − 𝐹) − 𝑘𝑑𝑡𝑟𝑝𝐹𝐻 2.14 
𝐺 is the spatially correlated pairs, 𝐸 and 𝐻 are the density of free electrons and holes, 
𝑇 is the total density of traps and 𝐹 is the density of filled traps. Those equations were 
applied to fit the experimental results of excitation-dependent time-resolved PL 
measurements and PL quantum yield measurements, giving the fitted recombination 
rates listed in Table 2 in [73]. In this work, the fitting error had been estimated by 
generating a Hessian matrix from the partial derivatives of the error function [73]. 
2.5.3 General solution of trap-assisted recombination 
From the studies of recombination kinetics reviewed above, it can be concluded that 
the trap-assisted recombination is a major relaxation pathway for free carriers, since 
the trap density in perovskite materials is always very high (from both measured and 
fitted results) [72-76]. Trap-assisted recombination is also called Shockley-Read-Hall 
(SRH) recombination because this recombination mechanism was first investigated by 
Shockley and Read [84] and experimentally confirmed by Hall [85]. In the Shockley and 
Read model, four parameters of traps – trap density (𝑁𝑡), trap energy level (𝐸𝑡), as well 
as capture coefficients of electrons and holes (〈𝑐𝑛〉 = 𝜎𝑛𝑣𝑡ℎ, 〈𝑒𝑛〉 = 𝜎𝑝𝑣𝑡ℎ ) were 
included, where 𝜎𝑛  and 𝜎𝑝  are the capture cross-section of electrons and holes 
respectively, and 𝑣𝑡ℎ  is the thermal velocity.  
The widely-used expression for the SRH recombination rate at steady-state condition 
(𝑈 = 𝐶𝑛𝐶𝑝(𝑝𝑛 − 𝑝1𝑛1)/[𝐶𝑛(𝑛 + 𝑛1) + 𝐶𝑝(𝑝 + 𝑝1)]) was derived in the original paper 
by Shockley and Read (Equation (4.4) in [84]), where 𝑛1 is the number of electrons in 
the conduction band for the case in which the Fermi level falls at 𝐸𝑡, and 𝑝1 is the 
number of holes in the valence band for the case in which the Fermi level falls at 𝐸𝑡. 
The SRH recombination coefficients are related to trap density and capture cross-
sections (𝐶𝑛 = 𝑁𝑡𝜎𝑛𝑣𝑡ℎ, 𝐶𝑝 = 𝑁𝑡𝜎𝑝𝑣𝑡ℎ ); 𝑛1  and 𝑝1  are expressed in terms of trap 
energy level 𝐸𝑡. In the appendix of their paper, Shockley and Read also discussed the 
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trap-assisted recombination kinetics in the general case where the density of traps is 
larger than the carrier density [84]. This general model is not typically used for silicon 
solar cells because the trap density in silicon wafers is normally very low due to the 
high material purity and crystallinity [86]. Perovskites were reported to have a high 
density of traps, thus the general model of SRH recombination kinetics is a valuable 
tool for investigating the trap properties of perovskite materials. More details of the 
general SRH model and its application in the study of recombination kinetics of 
perovskite materials will be discussed in Chapter 6.  
Recently, this general SRH model had been applied to the characterisation of 
perovskite materials [87]. Figure 2.20 demonstrated the measured excitation-
dependent steady-state PL intensity for perovskite films fabricated by spin coating (SC) 
and gas-assisted solution processing (GA). By fitting the SRH recombination model to 
the experimental data, the trap density, electron density and trapping time of free 
electrons and holes can be extracted [87]. However, this work requires parameters 
(capture and emission coefficients of electrons) to be taken from literature to estimate 
the actual values of trap properties. Also, some parameters associated with trapping 
process may not be very sensitive to steady-state measurements, which makes it 
difficult to ensure the accuracy of extracted parameters by fitting a single curve. The 
sensitivity analysis of each parameter in this model will be demonstrated in Chapter 6, 
which indicates that transient PL measurements are more sensitive to the variation of 
trap properties including trap density, trap energy level and capture coefficients. 
 
Figure 2.20 Steady-state PL intensity as a function of excitation intensity measured for CH3NH3PbI3 perovskite films 
fabricated by (a) spin coating (SC) and (b) gas-assisted (GA) solution processing technique. Solid lines are fit to the 
data. (Adapted from [87]) 
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In Chapter 6, this general recombination model is fitted to the results of excitation-
dependent steady-state and transient PL measurements simultaneously. 
Recombination coefficients and trap properties are extracted for CH3NH3PbI3 and 
Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 perovskite films. With this comprehensive 
recombination model, many theoretical works can also be performed to investigate 
the physics in perovskite materials by simulating the optoelectronic performance with 
various input parameters. This model has been applied to analyse the carrier lifetime 
of perovskites in Chapter 7. 
2.6 The interpretation of carrier lifetime 
The effective carrier lifetime is one of the most important electronic properties of 
semiconductor materials for photovoltaic devices. The concept of an effective carrier 
lifetime is described as the average time for free carriers to remain after generation, 
which is adequate to visualise the recombination process in semiconductors [88]. From 
the study of carrier lifetime of silicon wafers, it became clear that using a single, 
constant lifetime was an oversimplification for interpreting recombination [88]. Usually, 
each of the trap energy levels is dominant in a certain carrier density or temperature 
range, and this allows their discrimination. Thus, the measured effective carrier 
lifetime strongly depends on the experimental conditions. 
The most commonly-used method of measuring the carrier lifetime in silicon wafers is 
the Quasi-steady-state photoconductance (QSSPC) measurement [89], which combines 
the best of both steady-state and transient photoconductance measurements. 
However, there are some limitations in adapting the QSSPC method to the 
measurement of carrier lifetime on perovskite films. Unlike silicon wafers, the 
resistivity of perovskite films is very high, leading to an ultralow photoconductance of 
~10-5 S/cm [90], which makes it difficult to be detected. Furthermore, extremely slow 
photoconductivity response has been observed in perovskite films, as a result of the 
dipole alignment in the material induced by a combination of illumination and applied 
bias [91]. 
In the studies of perovskite solar cells, the most appropriate method of extracting 
carrier lifetime is the time-resolved PL measurement [62, 64-66]. Because metal halide 
perovskite materials are direct bandgap semiconductors [92], their PL signal is 
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sufficiently strong to be easily detected. From the results of PL decay measurements, it 
has been found that the PL decay curve of perovskite films could not be fitted well by a 
single time constant in most cases (Figure 2.21). Thus, a second exponential term is 
often introduced to the curve fitting, resulting in two extracted lifetimes 𝜏1 and 𝜏2 [93]. 
This further proves the necessity of better understanding the transient carrier lifetime 
in perovskite materials. 
 
Figure 2.21 Normalised PL decays from measurements of a CH3NH3PbI3−xClx perovskite film under different excitation 
fluences. Solid lines are fits to the data. (Adapted from [94]) 
Reviewing the studies of transient carrier lifetime on silicon wafers, the relationship 
between the excess carrier density and effective lifetime has been investigated (Figure 
2.22). These studies demonstrated the domination of different recombination kinetics 
at different carrier injection levels [88]. At low excitation levels, large amount of free 
carriers are recombined through the SRH pathway due to the low excess carrier 
density compared with the trap density, leading to a short SRH lifetime that dominates 
the total effective lifetime. With the increase of excitation density, the second-order 
radiative recombination and then the third-order Auger recombination start to 
dominate the recombination kinetics. Under the excitation of standard solar cell 
operation condition (AM1.5G, 1-Sun), a domination of radiative recombination with 
long carrier lifetime would be expected for a good solar cell. Thus, this measurement 
can be applied on silicon wafers to estimate the potential performance of solar cells 
produced by the wafers [88]. When Auger recombination is dominating at high 
excitation levels, the slope of the total effective lifetime curve in Figure 2.22 can be 
used to extract the Auger recombination coefficient [88].  
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Figure 2.22 Typical curves of lifetime as a function of excess carrier density due to a combination of radiative, SRH 
and Auger recombination. (Adapted from [88]) 
Replicating this study for perovskite materials could provide a better understanding of 
their recombination kinetics in order to further improve the power conversion 
efficiency of perovskite solar cells. 
2.7 Summary 
Confocal microscopy has been applied on semiconductor thin film materials. Due to 
the instability of perovskite materials as reviewed in Section 2.2, the stability of 
perovskite films must be ensured during the measurements before characterising the 
optical and electrical properties of perovskites. The observed oxygen-induced PL 
enhancement of perovskite films leads to the investigation of carrier and trap 
dynamics as well as the interpretation of recombination rates in perovskite materials. 
Here, recombination models are used to explain experimental observations. Finally, 
the study of carrier lifetime on silicon wafers, which is an important indicator of 
recombination, is discussed. The interpretation of carrier lifetime, which can be 
directly measured through time-resolved PL decay, has a significant implication on the 
recombination kinetics of perovskites. 
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Chapter 3 Experimental and Numerical 
Methods 
This chapter describes the experimental and numerical methods used in this thesis, 
including fabrication processes of perovskite films, characterisation methods using 
confocal microscopy, and the theory of modelling laser heating and recombination 
kinetics. 
3.1 Fabrication 
Perovskite samples are prepared in the Perovskite Chemical Lab at ANU, Research 
School of Engineering. Preparation of perovskite solutions and deposition of perovskite 
films are performed in a glove box filled with N2 gas. The N2 gas flow is temporarily 
paused only when measuring the weight of powders using an analytical balance. 
3.1.1 Substrate preparation 
Soda-lime glass substrates are cut into 1 cm × 1 cm square. They are washed 
sequentially with dishwashing liquid (20 min), acetone (10 min), isopropanol (10 min) 
and ethanol (10 min) in an ultrasonic bath and then treated under UV ozone for 30 min 
to remove residues. 
3.1.2 CH3NH3PbI3 film fabrication 
The perovskite solution with 1 M concentration is prepared by dissolving a 
stoichiometric amount of methylammonium iodide (MAI, Dyesol) and lead iodide (PbI2, 
99%, Sigma Aldrich) in a mixture of dimethylformamide (DMF) and dimethyl sulfoxide 
(DMSO) (7:3 vol/vol). The solution is spin coated on to cleaned glass substrate at a 
speed of 4000 rpm with a ramp rate of 4000 rpm s-1 for 60 s. Chlorobenzene is 
dropped onto the substrate 10 s before the end of the spin coating to speed up the 
crystallisation process. The sample is then annealed at 100 °C for 10 min. 
Figure 3.1 shows the image of a CH3NH3PbI3 perovskite film as captured by Scanning 
Electron Microscope (SEM). The average crystal size is around 200 nm. 
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Figure 3.1 SEM image of CH3NH3PbI3 film deposited on glass. 
Figure 3.2 shows a representative light IV curve of standard CH3NH3PbI3 perovskite 
cells fabricated at ANU with structure ITO/compact-TiO2/mesoporous-
TiO2/CH3NH3PbI3/Spiro-MeOTAD/Au [95]. The inset shows the figures of merit of this 
cell. 
 
Figure 3.2 Light IV curve of CH3NH3PbI3 perovskite cell. The inset table shows the performance parameters of this cell. 
(Adapted from [95]) 
3.1.3 Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 film fabrication 
The perovskite precursor solution contains 1.2 M lead iodide (PbI2, 99%, Sigma Aldrich), 
1.1 M formamidinium (FAI, Dyesol), 0.2 M lead bromide (PbBr2, 99.999%, Sigma 
Aldrich), 0.2 M methylammonium bromide (MABr, Dyesol), 0.091 M cesium iodide (CsI, 
99.999%, Sigma Aldrich), and 0.039 M rubidium iodide (RbI, 99.9%, Sigma Adlrich) in 1 
mL anhydrous DMF:DMSO (4:1, v/v, Sigma Aldrich). The listed stoichiometries are 
those of the precursors. The solution is spin coated onto cleaned glass substrates by 
two steps: first at a speed of 2000 rpm with a ramp rate of 200 rpm s-1 for 10 s, and 
then at a speed of 4000 rpm with a ramp rate of 2000 rpm s-1 for 20 s. Chlorobenzene 
is dropped onto the substrate 5 s prior to the end of the second step to speed up the 
crystallisation process. The sample is then annealed at 100 °C for 45 min. 
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Figure 3.3 shows a representative light IV curve of standard 
Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 perovskite cells fabricated at ANU with structure 
FTO/compact indium-doped TiOx/mesoporous-TiO2/PCBM:PMMA (1:3) passivation 
layer/Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45/Spiro-MeOTAD/Au [96]. The figures of merit 
of this cell are shown in the inset. 
 
Figure 3.3 Light IV curve of Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 perovskite cell. The inset table shows the 
performance parameters of this cell. (Adapted from [96]) 
3.1.4 Poly(methyl methacrylate) coating 
The perovskite films used in some experiments are coated with a layer of Poly(methyl 
methacrylate) (PMMA). The PMMA solution (Micro Chem 495 PMMA A2) is spin 
coated onto the perovskite film at a speed of 3000 rpm for 30 s. The film is then 
annealed again at 100 °C for 5 min. The thickness of the PMMA film is around 200 nm, 
which is estimated from cross-section scanning electron microscope (SEM) image. 
3.2 Characterisation 
3.2.1 The WITec system 
The WITec alpha300 S system was used to perform reflectance mappings and 
photocurrent mappings on a silicon thin film solar cell (Section 4.1), as well as PL 
mappings and time-dependent PL intensity measurements on CH3NH3PbI3 perovskite 
films (Chapter 5).  
The WITec alpha300 S system combines the advantages of Scanning Near-field Optical 
Microscopy (SNOM), Confocal Microscopy and Atomic Force Microscopy (AFM) in a 
single instrument. It comes with a single photon-counting Si avalanche photodiode 
(APD) detector. The highly-linear, piezo-driven, and feedback-controlled scan stage 
 
 
36 
 
provides high accuracy and stability and eliminates the hysteresis, creep and non-
linearity that may arise from multiple scanning. The objective lenses used in this 
system are an Olympus MPlanFL N 10× and an MPlanFL N 100×. The focus was 
adjusted to give the highest PL signal, rather than the smallest spot size during the 
measurements. Thus, the focus was adjusted in the same way when measuring the 
laser spot (laser spot profiles are shown in Figure 3.4). 
 
Figure 3.4 Cross-section plots of the Gaussian beam captured by CCD camera using (a) Olympus MPlanFL N 10× 
objective lens and (b) Olympus MPlanFL N 100× objective lens. 
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There are two laser sources in this lab: a Fianium Whitelase Supercontinuum laser 
(Model SC400-2) and a continuous wave 532 nm diode laser. An Acousto-Optic 
Tunable Filter (AOTF) is connected to the output of Supercontinuum laser to select up 
to 8 simultaneous tunable wavelengths from the laser source. The AOTF crystals in this 
lab cover the spectral range from 400 nm to 1100 nm. 
 
Figure 3.5 The schematic diagram of measurements using WITec alpha300 S system. Adapted from WITec alpha300 
S user manual [97]. 
The experimental methods of reflectance mapping, photocurrent mapping, PL 
mapping and time-dependent PL measurement are described below. 
Reflectance mapping 
In reflectance mapping, the 100× objective lens is used to extract high resolution 
image. The reflected light is collected by the APD detector and then the signal is 
transmitted to a computer through the microscope controller to generate the image 
(shown in Figure 3.5). Figure 3.6 shows an example of the output reflectance image. 
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Figure 3.6 Reflectance image of a Silicon thin film solar cell coated with silver nanoparticles extracted by WITec 
system (bright areas correspond to higher reflectance). The integration time of each pixel is 3 ms and there are 10 
pixels per nanometre. 
Photocurrent mapping 
As demonstrated in Figure 3.5, white light generated by the Fianium Whitelase 
Supercontinuum laser source is filtered to a narrow band (~8-10nm) source by the 
AOTF. A square wave created by Function/Arbitrary Waveform Generator (model 
Agilent 33220A) is used to modulate the AOTF output (on/off) through a channel 
modulator which is connected to the corresponding channel of the AOTF output. At 
the scan stage, two needle contacts are connected to the anode and cathode of the 
solar cell. The photogenerated current is amplified by a Low-Noise Current Pre-
amplifier (model SR570) and then fed into a DSP Lock-in Amplifier (model SR850). In 
the meantime, the function generator provides the reference signal to the lock-in 
amplifier for synchronising the photocurrent signal when the laser is turned on in 
order to remove noise signal. The modulation frequency of the function generator is 
333.3 Hz (3 ms period) and the lock-in time constant is 30 µs. The output photocurrent 
image is shown in Figure 3.7. 
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Figure 3.7 Photocurrent image of a Silicon thin film solar cell coated with silver nanoparticles extracted by WITec 
system (bright areas correspond to higher photocurrent). The integration time of each pixel is 3 ms and there are 10 
pixels per nanometre. 
Since the optical signal of the reflectance and the electrical signal of the photocurrent 
are detected independently, this system can collect the reflectance and photocurrent 
data during a single scan. As shown in Figure 3.6 and Figure 3.7, the same area of the 
silicon thin film solar cell is scanned, and the reflectance mapping and photocurrent 
mapping are generated simultaneously. 
PL mapping 
The configuration of PL mapping is similar to the reflectance mapping. However, a 
long-pass filter with a cut-off edge larger than the laser wavelength is inserted in front 
of the detector (Filter Holder in Figure 3.5) to block the reflected excitation light and to 
transmit the emitted photoluminescence. Figure 3.8 shows a PL image of a large 
crystal perovskite film. 
 
Figure 3.8 PL image of a large crystal perovskite film extracted by WITec system. The integration time of each pixel is 
1 ms and there are 10 pixels per nanometre. 
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Time-dependent PL intensity  
Due to the instability of perovskite films, the PL intensity changes with time. To 
quantify such phenomenon, time-dependent PL intensity is used to track the change of 
a single point. The real-time signal is sampled by an avalanche photodiode detector 
(APD) with millisecond resolution in the WITec system. The experimental result shown 
in Figure 3.9 illustrates the stability of perovskite films.  
  
Figure 3.9 Time-dependent PL intensity of a perovskite film measured by WITec system. Laser wavelength is 532 nm 
and laser intensity is 150 W/cm2. 
The measurement demonstrated in Figure 3.9 can successfully trace the time-
dependent change in PL for a single point. Thus, combining both PL mapping and time-
dependent PL intensity measurement, a continuous scan across an area is employed to 
visualise the change of the scan area (Figure 3.10).  
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Figure 3.10 Continuous PL mapping of the same area on a perovskite film. (a) is the first scan, (b) is the second scan, 
(c) is the third scan, and (d) is the fourth scan. Each image requires 2 min to be extracted. The integration time of 
each pixel is 1 ms and there are 10 pixels per nanometre. 
3.2.2 The Horiba system 
The Horiba LabRAM HR Evolution system is used to measure the PL spectrum and 
time-resolved PL lifetime of perovskite films (Chapter 6). A Linkam FTIR600 stage is 
attached onto the microscope sample stage. During the measurements, the perovskite 
samples are kept inside the stage chamber with N2 gas flowing across. A 532 nm DPSS-
laser is used to measure the PL spectrum and a 508 nm diode laser (DD-510L, Horiba) 
with pulse duration of 110ps is used to measure the PL lifetime. Both the incident light 
and the emitted light go through a 50x objective lens (LEICA PL FLUOTAR L 50×/0.55). 
The laser focus was adjusted to give the highest PL signal, rather than the smallest spot 
size during the measurements. Thus, the focus was adjusted in the same way when 
measuring the laser spot. The measured laser spot size is shown in Figure 3.11. The 
508 nm pulsed laser was illuminated through a beam splitter, which leads to the odd 
shape of the laser spot (Figure 3.11b). 
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Figure 3.11 Cross-section plots of the Gaussian beam through the 50x objective lens (LEICA PL FLUOTAR L 50×/0.55) 
using (a) 532 nm DPSS-laser and (b) 508 nm diode laser (DD-510L, Horiba), respectively. 
The experimental details for measuring the PL spectrum and PL lifetime are explained 
below. 
PL spectrum measurement 
In this experiment, the sample is illuminated by a 532 nm DPSS-laser and the PL signal 
is extracted using a Syncerity CCD deep cooled camera with a grating of 150 
grooves/mm. The spectral response of the entire system is determined with a 
calibrated halogen-tungsten light source. To change the excitation level, an absorptive 
neutral density filter (AR-coated for 350-700 nm) – ND1, ND2, ND3, ND4 or ND5 are 
 43 
 
inserted in front of incident light. To protect the detector, an absorptive neutral 
density filter (AR-coated for 650-1050 nm) – ND1, ND2, ND3, ND4 or ND5 is inserted in 
front of the detector. 
 
Figure 3.12 PL spectrum of a CH3NH3PbI3 perovskite film measured by HORIBA system. 
PL lifetime measurement 
Time-resolved photoluminescence decay measurements are performed using a time-
correlated single photon counting (TCSPC) system (DeltaPro-DD, Horiba) along with the 
LabRAM HR Evolution system. The sample is illuminated by a Horiba DD-510L diode 
laser with 508 ± 10 𝑛𝑚  peak wavelength, 110 𝑝𝑠  pulse width and 100 𝑀𝐻𝑧 
maximum repetition rate. The maximum excitation intensity of the pulse laser is 
4.8 × 1015 𝑐𝑚−3. To change the excitation level, a neutral density filter (ND0.3 or 
ND0.6) is inserted in front of incident light. 
 
Figure 3.13 Time-resolved PL decay of a CH3NH3PbI3 perovskite film measured by HORIBA system. 
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3.3 Modelling 
3.3.1 Laser heating model 
An analytical solution of laser-induced heating can be applied to estimate the local 
temperature of perovskite films under laser exposure. In this section, the model to 
calculate the temperature rise due to laser heating as derived by D. W. Bäuerle is 
presented [98]. Table 3.1 defines the parameters that will be used in the derivation. 
Table 3.1 Symbols of laser heating model 
𝑃 (𝑊) Laser power 
𝐷(𝑐𝑚2𝑠−1) Heat diffusivity 
𝛼 (𝑐𝑚−1) Absorption coefficient 
ℎ𝑠 (𝑐𝑚) Thickness of the thin film 
𝑤0 (𝑐𝑚) Gaussian beam width 
𝜂 (𝑊/(𝑐𝑚2 ∙ 𝐾)) Surface conductance 
𝜅 (𝑊/(𝑐𝑚 ∙ 𝐾)) Thermal conductivity 
𝑅 Reflectivity 
For convenience, the dimensionless variables are introduced. The normalised 
coordinates are 
 𝑥∗ =
𝑥
𝑙
; 𝑦∗ =
𝑦
𝑙
; 𝑧∗ =
𝑧
𝑙
 3.1 
where 𝑙 is the characteristic length. In this problem, the width of laser beam 𝑤0 and 
the thickness of the thin film ℎ𝑠 are the appropriate normalisation factors. Thus, the 
characteristic length in this model is defined as the minimum value between 𝑤0 and ℎ𝑠. 
The dimensionless time 𝑡∗, absorption coefficient 𝛼∗, thickness ℎ𝑠
∗ , as well as the heat 
transfer coefficients 𝜂0
∗  and 𝜂ℎ
∗ , thermal conductivities 𝜅0
∗  and 𝜅ℎ
∗  at top and rear 
surface of the thin film are introduced in Equations 3.2 and 3.3. 
 𝑡∗ =
𝐷
𝑙2
𝑡;  𝛼∗ = 𝛼𝑙; ℎ𝑠
∗ =
ℎ𝑠
𝑙
 3.2 
 𝜂0
∗ =
𝜂0𝑙
𝜅
;  𝜂ℎ
∗ =
𝜂ℎ𝑙
𝜅
;  𝜅0
∗ =
𝜅0
𝜅
; 𝜅ℎ
∗ =
𝜅ℎ
𝜅
 3.3 
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To simplify the calculation, a finite but temperature-independent absorption 
coefficient is assumed and the interference phenomena within the film are ignored. 
Also, equal surface conductance at both side of the film is assumed, so that 𝜅0
∗ = 𝜅ℎ
∗ =
1 and 𝜂0
∗ = 𝜂ℎ
∗ = 𝜂∗. The laser beam switches on at 𝑡 = 0 in the position 𝑥 = 𝑦 = 0. 
The solution of increased temperature 𝜃 can be written as 
 𝜃(𝑥∗, 𝑦∗, 𝑧∗, 𝑡∗) =
𝑙
𝜅
𝐼𝑎 ∫ 𝑞(𝑡
∗ − 𝑡1
∗)ℊ(𝑥∗, 𝑦∗, 𝑡∗, 𝑡1
∗)
𝑡∗
0
ℱ(𝑧∗, 𝑡1
∗)𝑑𝑡1
∗, 3.4 
where 𝐼𝑎 = 𝐼0(1 − 𝑅) =
2𝑃
𝜋𝑤0
2 (1 − 𝑅)  is the maximum laser intensity that is not 
reflected from the surface. 
The 𝑞-function defines the shape of laser pulse. For a static CW-laser beam, the 𝑞-
function is equivalent to the Heaviside step function ℋ. 
 𝑞(𝑡) = ℋ(𝑡) = {
0 if 𝑡 ≤ 0
1 if 𝑡 > 0
 3.5 
ℊ and ℱ describe the temperature field within the 𝑥𝑦-plane and in the 𝑧-direction, 
respectively, 
 
ℊ(𝑥∗, 𝑦∗, 𝑡∗, 𝑡1
∗)
=
1
4𝜋𝑡1
∗ ∫ 𝑑𝑥1
∗
+∞
−∞
∫ 𝑑𝑦1
∗
+∞
−∞
𝑔(𝑥1
∗, 𝑦1
∗)
× exp (−
(𝑥1
∗ − 𝑥∗)2 + (𝑦1
∗ − 𝑦∗)2
4𝑡1
∗ ). 
3.6 
For a Gaussian beam, 
 𝑔(𝑥∗, 𝑦∗) = exp(−𝑥∗2 − 𝑦∗2). 3.7 
Thus, 
 ℊ(𝑥∗, 𝑦∗, 𝑡∗, 𝑡1
∗) =
1
1 + 4𝑡1
∗ exp (−
𝑥∗2 + 𝑦∗2
1 + 4𝑡1
∗ ). 3.8 
The temperature distribution along the axis of laser-beam propagation (𝑧-direction) is 
determined by the ℱ-function only. This function depends on the absorption 
coefficient 𝛼∗, the heat loss described by 𝜂∗, and the thickness of the substrate ℎ𝑠
∗. The 
ℱ-function can be written in the form 
 
 
46 
 
 
ℱ(𝑧∗, 𝑡1
∗) = 𝛼∗ ∑ 𝐹𝑛(𝑧
∗, 𝑡1
∗)
∞
𝑛=−∞
               
= 𝛼∗ (𝐹0(𝑧
∗, 𝑡1
∗) + 2 ∑ 𝐹𝑛(𝑧
∗, 𝑡1
∗)
∞
𝑛=1
) 
3.9 
with 
 𝐹𝑛(𝑧
∗, 𝑡1
∗) = 𝐴𝑛𝑓𝑛(𝑧
∗, 𝑡1
∗). 3.10 
Here, 
 
𝐴𝑛 = ∫ 𝑍𝑛(𝑧1
∗)exp(−𝛼∗𝑧1
∗)
ℎ𝑠
∗
0
𝑑𝑧1
∗
=
1
𝛼∗2 + 𝜈𝑛2
[(𝛼∗ + 𝜂∗)(1 − cos(𝜈𝑛ℎ𝑠
∗) exp(−𝛼∗ℎ𝑠
∗))
+
𝜈𝑛
2 − 𝛼∗𝜂∗
𝜈𝑛
sin(𝜈𝑛ℎ𝑠
∗) exp(−𝛼∗ℎ𝑠
∗)] 
3.11 
 𝑓𝑛(𝑧
∗, 𝑡1
∗) = 𝐵𝑛𝑍𝑛(𝑧
∗)exp(−𝜈𝑛
2𝑡1
∗) 3.12 
 𝐵𝑛 =
𝜈𝑛
2
ℎ𝑠∗(𝜈𝑛∗
2 + 𝜂∗2) + 2𝜂∗
 3.13 
 𝑍𝑛 = cos(𝜈𝑛𝑧
∗) +
𝜂∗
𝜈𝑛
sin(𝜈𝑛𝑧
∗), 3.14 
𝜈𝑛 are the roots of 
 tan(ℎ𝑠
∗𝜈𝑛) =
2𝜂∗𝜈𝑛
𝜈𝑛2 − 𝜂∗
2. 3.15 
Substitute Equations 3.5-3.15 into Equation 3.4, the laser-induced temperature 
increase on the sample can be calculated. 
3.3.2 Recombination model 
In 1952, W. Shockley and W. T. Read investigated the Fermi-Dirac statistics of the 
recombination of electrons and holes through traps [84]. In this section, the 
fundamental theory of recombination dynamics in the general case is presented. Table 
3.2 lists the symbols used in the analytic solution and the equations related to SRH 
recombination as derived by Shockley and Read (Equation 3.23-3.34). 
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Table 3.2 Symbols of recombination model 
𝑛 (𝑐𝑚−3) Electron density in the conduction band 
𝑝 (𝑐𝑚−3) Hole density in the valence band 
𝐺(𝑐𝑚−3𝑠−1) Generation rate 
𝑈𝑟𝑎𝑑(𝑐𝑚
−3𝑠−1) Radiative recombination rate 
𝑈𝑆𝑅𝐻𝑛(𝑐𝑚
−3𝑠−1) Shockley-Read-Hall recombination rate of electron 
𝑈𝑆𝑅𝐻𝑝(𝑐𝑚
−3𝑠−1) Shockley-Read-Hall recombination rate of hole 
𝑈𝐴𝑢𝑔(𝑐𝑚
−3𝑠−1) Auger recombination rate 
𝐵 (𝑐𝑚3𝑠−1) Radiative recombination coefficient 
𝑛𝑖 (𝑐𝑚
−3) Intrinsic carrier density 
𝛤𝑛 (𝑐𝑚
6𝑠−1) Auger recombination coefficient of electron 
𝛤𝑝 (𝑐𝑚
6𝑠−1) Auger recombination coefficient of hole 
𝐶𝑛(𝑠
−1) Shockley-Read-Hall recombination coefficient of electron 
𝐶𝑝(𝑠
−1) Shockley-Read-Hall recombination coefficient of hole 
𝑓𝑡 Fraction of traps occupied by electrons 
𝑁𝑡  (𝑐𝑚
−3) Trap density 
𝐸𝑡  (𝑒𝑉) Trap energy level (below the conduction band) 
𝑛1 (𝑐𝑚
−3) 
The number of electrons in the conduction band for the case in 
which the Fermi level falls at 𝐸𝑡  
𝑝1 (𝑐𝑚
−3) 
The number of holes in the valence band for the case in which the 
Fermi level falls at 𝐸𝑡 
⟨𝑐𝑛⟩ (𝑐𝑚
3𝑠−1) Capture coefficient of electron 
⟨𝑒𝑛⟩ (𝑐𝑚
3𝑠−1) Emission coefficient of electron (or Capture coefficient of hole) 
𝜎𝑛 (𝑐𝑚
2) Capture cross-section of electron 
𝜎𝑝 (𝑐𝑚
2) Capture cross-section of hole 
𝑣𝑡ℎ  (𝑐𝑚/𝑠) Thermal velocity 
𝑁𝐴 (𝑐𝑚
−3) Acceptor Density 
The density of electrons and holes follows the differential equations  
 
 
𝑑𝑛
𝑑𝑡
= 𝐺 − (𝑈𝑟𝑎𝑑 + 𝑈𝑆𝑅𝐻𝑛 + 𝑈𝐴𝑢𝑔), 3.16 
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The carrier generation rate 𝐺 depends on the excitation energy,  
 
𝐺 =
∫ 𝛼𝜑0𝑒
−𝛼𝑥𝑑𝑥
𝑡
0
𝑡
=
𝜑0(1 − 𝑒
−𝛼𝑡)
𝑡
, 
3.18 
where 𝜑0 is the photon flux at the surface; 𝛼 is the absorption coefficient; 𝑥 is the 
distance into the film; and 𝑡 is the thickness of the film. 
The photon flux is calculated from laser power 𝑃, wavelength 𝜆 and spot size 𝑤0: 
 
𝜑0 = 𝐼0
ℎ𝑐
𝜆
⁄ , 
3.19 
 𝐼0 =
2𝑃
𝜋𝑤0
2, 
3.20 
where 𝐼0 is the laser intensity; ℎ is the Planck constant; and 𝑐 is the speed of light. 
The radiative recombination rate (𝑈𝑟𝑎𝑑) [99] and Auger recombination rate (𝑈𝐴𝑢𝑔) 
[100] are given by  
 𝑈𝑟𝑎𝑑 = 𝐵(𝑛𝑝 − 𝑛𝑖
2), 3.21 
and 
 𝑈𝐴𝑢𝑔 = 𝛤𝑛𝑛(𝑛𝑝 − 𝑛𝑖
2) + 𝛤𝑝𝑝(𝑛𝑝 − 𝑛𝑖
2).  3.22 
Shockley and Read provided a detailed derivation of the SRH recombination rate [84]. 
In their theory, the net capture rate of electrons and holes of the SRH recombination in 
non-degenerate semiconductors can be written as  
 𝑈𝑆𝑅𝐻𝑛 = 𝐶𝑛(1 − 𝑓𝑡)𝑛 − 𝐶𝑛𝑓𝑡𝑛1, 3.23 
and 
 𝑈𝑆𝑅𝐻𝑝 = 𝐶𝑝𝑓𝑡𝑛 − 𝐶𝑝(1 − 𝑓𝑡)𝑝1. 3.24 
 
𝑑𝑝
𝑑𝑡
= 𝐺 − (𝑈𝑟𝑎𝑑 + 𝑈𝑆𝑅𝐻𝑝 + 𝑈𝐴𝑢𝑔). 3.17 
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Under steady-state conditions, the net rate of capture of electrons must be equal to 
that of holes (𝑈𝑆𝑅𝐻𝑛 = 𝑈𝑆𝑅𝐻𝑝), which can be used for solving 𝑓𝑡. Substituting the 
expression of 𝑓𝑡  into either Equation 3.23 or 3.24, the steady-state SRH recombination 
rate is obtained: 
 𝑈𝑆𝑅𝐻 =
𝐶𝑛𝐶𝑝(𝑛𝑝 − 𝑛1𝑝1)
𝐶𝑛(𝑛 + 𝑛1) + 𝐶𝑝(𝑝 + 𝑝1)
. 3.25 
However, the SRH recombination rates of electrons and holes (𝑈𝑆𝑅𝐻𝑛  and 𝑈𝑆𝑅𝐻𝑝) are 
not necessarily equal in the transient condition. Therefore, in the general case the rate 
of electrons being trapped by the defect state 𝑈𝑆𝑅𝐻𝑛  and the rate of the trapped 
electrons being emitted from the defect state and relaxing to the valence band 𝑈𝑆𝑅𝐻𝑝  
are expressed respectively by small deviations ∆𝑛, ∆𝑝 and ∆𝑓𝑡 from the equilibrium 
values 𝑛0, 𝑝0 and 𝑓𝑡0 
 
𝑈𝑆𝑅𝐻𝑛 = [𝐶𝑛(1 − 𝑓𝑡)𝑛 − 𝐶𝑛𝑓𝑡𝑛1] − [𝐶𝑛(1 − 𝑓𝑡0)𝑛0 − 𝐶𝑛𝑓𝑡0𝑛1]
= 𝐶𝑛[(1 − 𝑓𝑡)∆𝑛 − (𝑛0 + 𝑛1)∆𝑓𝑡], 
3.26 
and 
 
𝑈𝑆𝑅𝐻𝑝 = [𝐶𝑝𝑓𝑡𝑛 − 𝐶𝑝(1 − 𝑓𝑡)𝑝1] − [𝐶𝑝𝑓𝑡0𝑛0 − 𝐶𝑝(1 − 𝑓𝑡0)𝑝1]
= 𝐶𝑝[𝑓𝑡∆𝑝 + (𝑝0 + 𝑝1)∆𝑓𝑡]. 
3.27 
The equilibrium value 𝑓𝑡0 can be derived when 
 𝐶𝑛(1 − 𝑓𝑡0)𝑛0 − 𝐶𝑛𝑓𝑡0𝑛1 = 𝐶𝑝𝑓𝑡0𝑛0 − 𝐶𝑝(1 − 𝑓𝑡0)𝑝1 = 0. 3.28 
Thus, 
 𝑓𝑡0 =
1
1 + 𝑛1/𝑛0
= 1 −
1
1 + 𝑝1/𝑝0
. 3.29 
The requirement of electrical neutrality in the measurement without applied electric 
field gives the relationship between ∆𝑛, ∆𝑝 and ∆𝑓𝑡, 
 ∆𝑓𝑡 = 𝑓𝑡 − 𝑓𝑡0 =
∆𝑝 − ∆𝑛
𝑁𝑡
. 3.30 
Further information in the SRH recombination has been derived [84]. Firstly, 𝐶𝑛 and 𝐶𝑝 
will be affected by the trap density and the capture cross-section area of electrons and 
holes, 
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 𝐶𝑛 = 𝑁𝑡〈𝑐𝑛〉 = 𝑁𝑡𝜎𝑛𝑣𝑡ℎ, 3.31 
 𝐶𝑝 = 𝑁𝑡〈𝑒𝑛〉 = 𝑁𝑡𝜎𝑝𝑣𝑡ℎ. 3.32 
Also, 𝑛1 and 𝑝1 are strongly related to trap energy level: 
 𝑛1 = 𝑁𝐶exp (
𝐸𝑡 − 𝐸𝐶
𝑘𝑇
), 3.33 
 𝑝1 = 𝑁𝑉exp (
𝐸𝑉 − 𝐸𝑡
𝑘𝑇
). 3.34 
Therefore, all variables used in the equations of SRH recombination can be expressed 
by the trap density (𝑁𝑡), trap energy level (𝐸𝑡) and the capture coefficients of electrons 
and holes (〈𝑐𝑛〉 and 〈𝑒𝑛〉). 
3.4 Summary 
In this chapter, the experimental and numerical methods used in this thesis are 
described, including the chemical processes of fabricating perovskite films, the optical 
and electrical characterisation by two confocal microscope systems, and the modelling 
of laser heating and recombination kinetics. The fabricated perovskite films are used in 
the experiments discussed in Chapter 4 - 6. The WITec system was used in the 
preliminary studies (Section 4.1 and 4.3) and the investigation of oxygen-induced PL 
enhancement in Chapter 5. The Horiba system was used for measuring the steady-
state PL spectra and time-resolved PL lifetime demonstrated in Chapter 6. In Section 
4.2, the laser heating model is applied to estimate the laser-induced temperature rise 
in perovskite films during the measurements. Lastly, the recombination model is used 
to fit the experimental results measured in Chapter 6 and to investigate the 
interpretation of carrier lifetime in Chapter 7.  
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Chapter 4 Preliminary and supporting studies 
This chapter is a collection of several supporting studies carried out in the early stages 
of the thesis. The first section describes the use of confocal scanning microscopy to 
spatially image the reflection and photocurrent of a silicon thin-film solar cell. The 
second section estimates the laser induced local temperature rise of perovskite films 
during confocal PL measurements. In the last section, a detailed stability analysis of 
perovskite films in different measurement environments is shown. 
4.1 High-resolution reflectance and photocurrent imaging 
This work has been presented at the 2014 OSA Light, Energy and the Environment 
Conference. It has been published in the following conference paper: X. Fu, E.-C. Wang, 
K. R. Catchpole and T. P. White, “High-resolution photocurrent imaging of light 
trapping by plasmonic nanoparticles on thin film Si solar cells,” in Light, Energy and the 
Environment, OSA Technical Digest JW6A.27., 2014. 
4.1.1 Introduction 
Photocurrent imaging is a useful tool for studying film uniformity in perovskite cells. 
After setting up the measurement equipment, a Si thin-film solar cell coated by Ag 
nanoparticles was used to test the system. In this section, reflectance and 
photocurrent mapping, as obtained by a scanning confocal microscope, provide a 
direct observation of the influence of Ag nanoparticle arrays at the wavelength scale. 
Plasmonic light trapping effects are demonstrated by both experimental and modelling 
results. 
4.1.2 Experiments and discussion 
A WITec alpha300 S scanning confocal microscope combined with a broadband 
tunable light source and a lock-in amplifier are used to enable simultaneous 
reflectance and photocurrent imaging down to the diffraction limit. Detailed 
descriptions of this experiment (Section 3.2.1) have been shown in Chapter 3. A thin 
film polycrystalline Si solar cell (Figure 4.1) [101] with a Ag nanoparticle array was 
tested using the photocurrent mapping technique described above. This thin film solar 
cell was fabricated for previous work for investigating light trapping effect [101]. Figure 
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4.2 shows the structure of this cell. The substrate consists of ~3 𝑚𝑚 glass and 100 𝑛𝑚 
Si3N4. Above these layers are a 2 𝜇𝑚 Si active layer and a 10 𝑛𝑚 SiO2 layer. A square 
array of Ag nanoparticles with 400 𝑛𝑚 diameter and 513 𝑛𝑚 period was formed on 
the top of this cell by nanoimprint lithography and thermal evaporation [101]. This 
configuration is proved to effectively enhance light absorption of this thin film solar 
cell in the 550-850 nm wavelength range [101]. 
 
Figure 4.1 Photos of the Si thin film solar cell. 
 
Figure 4.2 The structure of the measured Si thin film solar cell and the configuration of modelling. 
Reflectance and photocurrent images of this cell are shown in Figure 4.3 for four 
representative wavelengths: 550 𝑛𝑚, 690 𝑛𝑚, 760 𝑛𝑚 and 1000 𝑛𝑚. The selected 
area of the cell has a number of particles missing, providing a direct comparison 
between regions with and without the nanoparticles. It can be seen that the Ag 
particles have a high reflectance under short wavelength (visible) light, which 
negatively affects the photocurrent generation. However, under long wavelength (near 
SiO2 – 10 nm 
Si –  2 μm 
Si3N4 – 100 nm 
Glass – 3 mm 
Ag – 400 nm diameter 
         513 nm period 
Incident Light 
Plane Wave 
Reflection Monitor 
Transmission Monitor 
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P
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infrared) laser exposure, both the reflectance and photocurrent generation are higher 
for the region covered by Ag array. Note that, above 800 𝑛𝑚, the individual particles 
can no longer be resolved due to their subwavelength dimensions, however the area 
without the nanoparticles is clearly seen as a dark band on the right-hand side of the 
figures. 
550 nm 690 nm 760 nm 1000 nm  
     
     
Figure 4.3 The images of reflectance (the first row) and photocurrent (the second row) of Si thin film solar cell 
measured under laser wavelengths of 550 nm, 690 nm, 760 nm and 1000 nm. The area with the missing particles is 
considered as ‘exposed (planar) cell surface’. The integration time of each pixel is 3 ms and there are 10 pixels per 
nanometre. 
In order to compare the experimental results with theoretical predictions, a finite 
difference time domain model (Lumerical FDTD Solutions) was applied to simulate the 
reflectance and absorptance of this cell structure. A unit cell with one Ag particle on 
top of the Si thin film cell is illustrated in the simulation window (Red rectangle in 
Figure 4.2) and is extended horizontally using the Periodic Boundary Condition (PBC). 
The front light source is set to be a plane wave with wavelengths from 400 nm to 1000 
nm. A reflection monitor and a transmission monitor are placed on the top and rear of 
the cell, respectively, in order to detect the reflectance (𝑅) and absorptance (𝐴 = 1 −
𝑅 − 𝑇) of the cell under the incident light with different wavelengths, where 𝑇 is the 
detected transmittance. Outside the monitors, the boundary conditions are set to be 
the Perfect Match Layer (PML), which act as ideal absorbing boundaries. The 
photogenerated current of a solar cell is approximately proportional to the efficiency 
of light absorption [102]. Thus, the absorptance of the solar cell is used as an indicator 
of photocurrent in the simulation. 
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From the scanned images, the average reflectance and photocurrent for the region 
covered by Ag particles (𝑅𝑝 and 𝐼𝑝 of particle area) are calculated and compared with 
the values in the region where there are no Ag particles (𝑅𝑠 and 𝐼𝑠 of surface area). The 
ratios of reflectance and photocurrent calculated from the experimental data are 
plotted in Figure 4.4 a and b respectively. It is shown that the Ag array reflects more 
light than the Si surface at all wavelengths; however, the photocurrent generated by 
the Ag covered region is higher at long wavelengths. In Figure 4.4 c and d, the result 
simulated by FDTD displays a similar trend for both reflectance and absorptance ratios 
(𝑅𝑝 and 𝐴𝑝 are the reflectance and absorptance of the unit cell with Ag particle; 𝑅𝑠 
and 𝐴𝑠 are the reflectance and absorptance of the unit cell without Ag particle), 
consistent with the calculations by Spinelli [103]. The fluctuations in those results are 
caused by optical interference within the 2 𝜇𝑚 Si layer. This result demonstrates that 
despite the increased reflectance of the nanoparticle region at all wavelengths, the 
total absorption is increased at longer wavelengths due to effective light trapping by 
the Ag nanoparticles [103]. 
  
  
Figure 4.4 (a) The ratio of reflectance and (b) the ratio of photocurrent for the region covered by Ag particles and the 
region without Ag particles based on experiment data. (c) The ratio of reflectance and (d) the ratio of photocurrent 
for the region covered by Ag particles and the region without Ag particles based on simulation. The red line indicates 
the critical level where the generated photocurrents are the same at both regions. 
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A 2D simulation of extinction spectrum is performed where the (400 nm diameter, 50 
nm high) cylindrical particles are approximated by their rectangular cross-section as 
indicated in Figure 4.2. The extinction cross-section of the Ag nanoparticles is 
calculated using the commercial Finite Element Method software COMSOL 
Multiphysics V5.4. Figure 4.5 shows the normalised scattering, absorption and 
extinction (scattering + absorption) cross-sections for a 400 nm wide Ag particle on top 
of a Si substrate coated with a 10 nm SiO2 layer. It is calculated for 'TM' polarisation, 
where the electric field is in the simulation plane. This allows the incident light to 
excite surface plasmon polaritons similar to those that would be excited in the actual 
3D geometry [104]. Thus, this simplification should give qualitative agreement with the 
full 3D geometry. 
 
Figure 4.5 Simulated scattering, absorption and extinction cross-sections of Ag nanoparticles. 
Figure 4.5 demonstrates that the extinction cross-section is quite flat across most of 
the spectrum, with the only distinct feature being a strong plasmonic resonance below 
400nm. The broad, relatively weak response is a result of the particles being quite 
large, so they support a number of overlapping resonances rather than a small number 
of discrete resonances as in the case of Fig. 1 of ref. [104]. At shorter wavelengths the 
backward scattering dominates, consistent with the high reflection that is observed 
experimentally, but forward scattering begins to take over for wavelengths beyond 
500nm, and by 1000nm, the forward scattering is almost double the back scattering. 
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This is also consistent with the experimental data that shows reduced reflection and 
increased photocurrent at longer wavelengths. 
4.1.3 Conclusion 
In summary, the optical absorption and photocurrent enhancement by Ag 
nanoparticles in Si thin film solar cells is demonstrated by combined reflectance and 
photocurrent scanning microscopy. Plasmonic light trapping is one of several 
promising approaches for increasing the efficiency of thin film Si solar cells. Although 
metal nanoparticles on top of the solar cell are known to have a detrimental effect on 
light absorption at short wavelengths due to increased reflection losses, these particles 
can enhance absorption and photocurrent at long wavelengths due to light trapping. 
This experiment demonstrates the capability of confocal scanning microscope as an 
imaging tool. However, photocurrent mapping on perovskite solar cells was not used in 
the rest of the thesis. Since the front side of the perovskite cell is behind the glass 
substrate, the achievable resolution was limited, and does not allow individual 
perovskite grains to be resolved. Instead, confocal PL mapping was applied on 
perovskite film in the studies demonstrated in Chapter 5. 
4.2 Laser heating 
4.2.1 Introduction 
One of the key features of confocal microscopy is that a focussed laser beam is used 
for excitation, which leads to a concern of the local heating induced by laser excitation 
on the perovskite films. As shown in the relevant literature (Section 2.3.1), perovskite 
films easily degrade under high temperature. Very high excitation intensities can occur 
in a confocal microscope since the laser spot sizes are only few micrometres as shown 
in Figure 3.4 and Figure 3.11. Also, sometimes relatively high intensities are required to 
extract a strong signal for PL and/or Raman measurements. This leads to the possibility 
of thermal damage, and thus it is important to understand the potential heating of 
samples under focussed laser light, and the thresholds beyond which the samples start 
to degrade. In addition, in the following work on the modelling of the recombination 
kinetics (Chapter 6), many parameters such as 𝑛1 and 𝑝1 are temperature dependent. 
The operation temperature must be clarified when using the recombination model to 
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fit the experimental data. Therefore, an analytical solution is used to estimate the 
temperature increase caused by laser heating. 
4.2.2 Modelling results 
The equations used for estimating laser-induced heating have been listed in Section 
3.3.1. To validate the model, the result from the textbook (Figure 7.2.3 in [98]) is 
reproduced based on the provided parameters of a Si thin film (Figure 4.6). 
 
Figure 4.6 Temperature distribution in (a and c) radial and (b and d) axial directions for various durations of laser 
irradiation. Upper part (a and b): strong absorption with 𝛼 → ∞. Lower part (c and d): finite absorption with 𝛼 =
3 × 103 𝑐𝑚−1. 
For the simulation on perovskite films, the optical properties including absorption 
coefficient 𝛼 [105] and reflectivity 𝑅 [106], can be found in the literature. However, 
the thermal properties of perovskite films have not been fully elucidated. More 
importantly, the thermal properties of the glass substrate (1 mm thick), where the thin 
layer of perovskite film (300 nm thick) is always deposited, are likely to dominate the 
thermal dynamics of perovskite films. Thus, the parameters of substrate thermal 
conductivity 𝜅𝑠𝑢𝑏, substrate density 𝜌, and specific heat capacity of substrate 𝐶𝑝 in this 
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model are the properties of the soda-lime glass substrates [107]. Thus, surface 
conductance 𝜂 = 𝜅𝑎𝑖𝑟 𝑙⁄ , and heat diffusivity 𝐷 = 𝜅𝑠𝑢𝑏 (𝜌 ∙ 𝐶𝑝)⁄ . The values of those 
constants are listed in Table 4.1. Here, the smallest laser spot size 𝑤0 = 0.9 × 10
−4 𝑐𝑚 
achievable in experiment (see Figure 3.4a) is used for calculating the potential laser 
intensity. 
Table 4.1 Input parameters in the model of laser heating on perovskite films. 
𝛼 (𝑐𝑚−1) @ 532 𝑛𝑚  1.5 × 104 
𝑅 0.21 
𝜅 (𝑊/(𝑐𝑚 ∙ 𝐾)) 2.4 × 10−4 
𝜂 (𝑊/(𝑐𝑚2 ∙ 𝐾)) 4.8 
𝐷(𝑐𝑚2𝑠−1) 4.8 × 10−3 
ℎ𝑠 (𝑐𝑚) 0.10 
With the parameters listed in Table 4.1, Figure 4.7a demonstrates that the 
temperature increases by only 6 𝐾 at the centre of the laser exposed area under an 
extremely high laser intensity of 104 𝑊𝑐𝑚−2. The temperature of the film is expected 
to saturate after 1 𝑚𝑠 of illumination (Figure 4.7b). The surface temperature profile 
exhibits a Gaussian characteristic due to the shape of laser beam. The surface 
temperature rise reduces to zero when the distance away from the centre is greater 
than 10 𝜇𝑚 (Figure 4.7c). The laser induced heat is exponentially reduced along the 
depth of the film, so that within the thickness of the perovskite layer (200 𝑛𝑚) the 
increased temperature varies between 1~2 °𝐶 (Figure 4.7d). 
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Figure 4.7 Temperature distribution of a perovskite film under laser exposure: (a) centre temperature rise as a 
function of laser intensity; (b) centre temperature rise as a function of laser exposure time; (c) surface temperature 
distribution under laser exposure; and (d) centre temperature rise as a function of depth. 
This level of temperature variation is negligible during the measurements of perovskite 
films, and thus the thermal-induced degradation is unlikely to occur. Therefore, when 
modelling the recombination kinetics of perovskite films under the measurement 
condition, temperature-dependent parameters can be considered as constants at 
room temperature. 
4.2.3 Conclusion 
In conclusion, an analytical solution of laser heating on thin films is applied to estimate 
the potential local temperature increase of perovskite films in the experimental 
conditions using confocal microscope. It demonstrates that thermal-induced 
degradation is not a major concern in the characterisation of perovskite films, provided 
that the laser intensity and spot size are chosen appropriately. The estimated 
operation temperature is also useful for modelling the recombination kinetics of 
perovskite materials in Chapter 6. 
4.3 Perovskite film stability 
4.3.1 Introduction 
The challenges of characterising perovskite solar cells have been discussed in Section 
2.2, particularly in relation to the stability of the films during measurements. Thus, it is 
necessary to investigate the perovskite film stability and ensure that the film is not 
degraded during the measurements.  
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4.3.2 Experiments and discussion 
In this section, the Raman and PL intensities are used as indicators of the film quality. 
First, the results for a bare CH3NH3PbI3 perovskite film deposited on a glass substrate 
are presented as measured by a Renishaw inVia confocal Raman microscope. The 
Raman spectra are extracted every 10 min. The vibrational frequency of the inorganic 
cage (Pb-I) of CH3NH3PbI3 polycrystal is below 150 cm-1 [108]. As shown in Figure 4.8, 
over 50 min, the peak at around 110 cm-1 appears and continuously increases 
indicating the decomposition of CH3NH3PbI3 into CH3NH3I2 and PbI2. This result agrees 
well with the Raman spectra reported by Ledinský (Figure 2 in [31]). 
 
Figure 4.8 Raman spectra of a CH3NH3PbI3 perovskite film measured after 10 min, 20 min, 30 min, 40 min and 50 min 
laser exposure. 
Similarly, the PL intensity is detected over tens of minutes to investigate the film 
stability. For the bare perovskite film, the PL intensity of the CH3NH3PbI3 peak (1.6 eV) 
is reduced dramatically under illumination (black curve in Figure 4.9). After 30 min, the 
PL intensity drops to zero, indicating almost complete degradation of the perovskite 
film. However, an unexpected increase during the first 10 min is detected for almost all 
samples.  
Next, perovskite films coated by 200 nm thick PMMA are measured for comparison, 
since the PMMA layer should protect the perovskite films from moisture [109]. The red 
curve in Figure 4.9 indicates that the PMMA coating can effectively protect the 
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perovskite film over at least 40 min without any degradation, but the PL enhancement 
still occurs. 
 
Figure 4.9 Time-resolved PL changes of a bare perovskite film (black) and a film coated with PMMA (red). 
Although the PMMA layer can prevent moisture from entering the perovskite film, it is 
possible that other gases in air can still penetrate through PMMA. Further 
investigation has been performed by measuring the PMMA coated perovskite films 
and fully encapsulated perovskite films. In order to eliminate the effects of interfaces 
and make sure the films absorb the same amount of photon flux, the laser is excited 
from the glass side and additional layers of epoxy and glass are added in front of the 
light (Figure 4.10 a and b). The measured PL intensity shows that the fully 
encapsulated film is very stable while the PMMA coated film shows an obvious 
increase in PL intensity (Figure 4.10c). This experiment indicates that there should be 
one or more types of gases in air which can diffuse into perovskite films and have a 
positive impact on the PL performance of perovskite films. The coated PMMA layer 
with different thicknesses leads to different timescales of PL enhancement of 
perovskite films. This indicates that the thickness of PMMA coating affects the 
penetration of gases into the perovskite film.3 
                                                     
3 A PMMA film with denser molecular weight can also reduce the penetration of air into the perovskite 
layer. 
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Figure 4.10 Schematic diagram of (a) PMMA coated perovskite film and (b) fully encapsulated perovskite film in this 
experiment. (c) Time-resolved PL changes of the two types of films under same test condition. The red line indicates 
a PL increase of the PMMA coated film with laser illumination; the blue line shows that the PL intensity of the 
encapsulated film does not change. 
The PMMA coated perovskite films are then measured inside an enclosed chamber 
filled with N2 gas. Both CH3NH3PbI3 and Cs0.07Rb0.03(FA0.85MA0.15)0.9Pb(I0.85Br0.15)3 
perovskite films show great stability in the N2 environment (Figure 4.11). This proves 
that it is not the effect of N2 that improves the PL intensity of perovskite films.  
 
Figure 4.11 Time-dependent PL intensity measured on a single spot over 600 s on (a) MAPbI3 film and (b) quadruple-
cation film at the maximum laser intensity. The measurements are taken on the area of the sample that had been 
measured (Point 1) and on a non-exposed area (Point 2). 
4.3.3 Conclusion 
The decomposition of perovskite films is monitored by time-dependent Raman and PL 
measurements. The PL enhancement of perovskite films measured in air is also 
observed and a further study of this phenomenon will be discussed in Chapter 5. 
Comparing the bare films and the PMMA coated films, the PMMA coating appears to 
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be effective at protecting the perovskite films from degradation. Finally, to ensure the 
stability of the perovskite films during the experiments, the films must be fully 
encapsulated by epoxy or kept in a N2 environment. 
4.4 Summary 
In this chapter, preliminary experimental and modelling results are shown to support 
the main purpose of this thesis – characterising perovskite films. Confocal reflectance 
and photocurrent mapping on Si thin film solar cells demonstrate the capability of high 
resolution optical and electrical characterisation using confocal scanning microscope. 
Laser-induced local heating estimation on perovskite films shows a negligible effect. 
The estimated temperature is also used to analyse the temperature-dependent 
parameters in the recombination model. Furthermore, a detailed stability analysis of 
perovskite films under different ambient environments has been investigated using 
confocal Raman and PL measurements. It suggests that PMMA coated perovskite films 
can survive for more than 40 min under standard experimental condition without 
degradation. However, PL enhancement cannot be avoided in this case. The samples 
should be kept in N2 gas chambers to ensure their stability during the measurements. 
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Chapter 5 Photoluminescence study of trap de-
activation in perovskite films 
The contents of this chapter have been published in the following journal article: X. Fu, 
D. A. Jacobs, F. J. Beck, T. Duong, H. Shen, K. R. Catchpole and T. P. White, 
“Photoluminescence study of time- and spatial-dependent light induced trap de-
activation in CH3NH3PbI3 perovskite films,” Physical Chemistry Chemical Physics, Vol. 18, 
No. 32, pp. 22557-22564, 2016. Section 5.2.6 is contributed by D. A. Jacobs. 
This study was completed in June 2016. There have been a number of further studies 
of O2-related PL enhancement mechanisms since the work was published, which will 
be discussed in Section 5.4. 
5.1 Introduction 
With a band gap of 1.6 eV, the theoretical maximum open circuit voltage (VOC) of 
CH3NH3PbI3 perovskite solar cells can reach ~1.3 V [110]; however, the highest 
reported VOC is just over 1.1 V [111]. This gap indicates that non-radiative 
recombination losses in perovskite films have the potential to be reduced significantly. 
Non-radiative recombination in perovskite films is dominated by Shockley-Read-Hall 
(SRH) recombination at typical solar intensities, while the contribution of Auger 
recombination is considered to be very low [112]. In the bulk, the non-radiative 
recombination has been attributed to charged traps such as Pb vacancies, 
methylammonium and iodide interstitials, PbI3-, and I-Pb antisites [42, 113-116]. As a 
new photovoltaic material, there are still many unknown aspects related to the 
recombination kinetics under different conditions. In order to improve the VOC of 
perovskite solar cells, it is important to develop a comprehensive understanding of 
their recombination mechanisms. 
Stranks et al proposed a theoretical model to quantify radiative and SRH 
recombination in perovskite films, and fitted the model parameters using a 
combination of PL decay and Photoluminescence quantum efficiency (PLQE) 
measurements [72]. In their work, dynamic, short timescale (µs), interactions between 
free carriers and sub-gap defects in CH3NH3PbIxCl3-x thin films were demonstrated. 
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Many groups have observed PL intensity enhancement in perovskite films with light 
exposure ranging over time scales from seconds to hours [41, 42, 67, 72, 117]. Several 
studies attributed this phenomenon to the slow filling of bulk traps by photogenerated 
carriers [67, 72, 117]. However, by measuring the PL emission of perovskite films that 
are exposed to different atmospheres, Galisteo-López and Tian found that with the 
help of oxygen-related species, photocarriers could effectively de-activate (or ‘‘cure’’) 
traps in the bulk of the perovskite film, resulting in a dramatic increase in PL intensity 
[41, 42]. The distinction between trap filling and trap deactivation requires some 
clarification. Both occur when photogenerated carriers interact with a defect, and once 
a carrier is trapped by a defect, it becomes temporarily inactive (i.e. it cannot trap 
another carrier) until the first is released. Here, charge trapping refers to the dynamic 
process whereby defects repeatedly trap and release carriers (either via non-radiative 
recombination or thermal excitation back into their excited state), reaching 
equilibrium when trapping and de-trapping rates balance. At equilibrium a constant 
proportion of traps are occupied at any given time, with the proportion depending on 
the trap and carrier densities, and the trapping and de-trapping rates. In contrast, the 
term trap de-activation is used to describe a (yet to be identified) photochemical 
reaction that reduces the overall density of unoccupied (‘active’) traps either 
permanently, or on a timescale many orders of magnitude larger than the typical 
trapping and de-trapping times extracted from experimental measurements [72]. This 
change in the trap density affects the charge trapping equilibrium conditions and thus 
the radiative and non-radiative recombination rates. The observed enhancement in PL 
intensity has also been correlated to an improvement in carrier diffusion length and 
lifetime [42, 67]. An increase in carrier lifetime from 3 ns to greater than 200 ns 
following exposure to light and oxygen was attributed to trap de-activation, leading to 
a deeper penetration of carriers into the perovskite film. Large lateral carrier diffusion 
has also been observed in perovskite films using a combination of localised excitation 
and PL imaging techniques. Handloser et al were able to detect PL emission several 
micrometres away from the excitation region in films of CH3NH3PbIxCL3-x [67]. From 
these measurements, carrier diffusion lengths were estimated to lie in the region of 
5.5–7.7 µm after 10 h of light exposure. 
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Numerous experiments with various samples and test environments have been 
performed to study the dramatic light-induced PL enhancement over long timescales; 
however no coherent model has yet been presented to quantitatively describe these 
observations. In this work confocal photoluminescence mapping technique is applied 
to investigate the temporal and spatial dependence of trap de-activation in perovskite 
films. In particular, it is shown that local illumination of CH3NH3PbI3 films can produce a 
dramatic increase in photoluminescence emission over timescales of minutes, and that 
these changes can extend several microns beyond the illuminated region. These 
changes are attributed to a trap de-activation dominated mechanism involving 
photogenerated carriers and oxygen, where the lateral extent of these changes is 
determined by the local carrier diffusion properties, rather than the alternative 
possibility of trap diffusion. A previously proposed trap-filling model [72] is extended 
to include an additional trap de-activation term to describe the observed time-
dependent PL changes in the excitation region. The model is fitted to experimental 
measurements to derive an estimate of the trap de-activation rate in the presence of 
photogenerated carriers and oxygen. Then, in the second part of this work trap de-
activation is included in a rigorous numerical spatial and temporal diffusion model to 
demonstrate the plausibility of lateral trap de-activation outside the excitation region. 
This work has important implications for understanding the recombination 
mechanisms in perovskite films, and for improving the performance of perovskite solar 
cells. 
5.2 Results and discussion 
5.2.1 Observation of laser induced PL enhancement 
All of the experiments in this work were performed on planar CH3NH3PbI3 thin films 
deposited on glass (Figure 5.1b, inset) using a single-step solution process as described 
in Section 3.1. This produces a uniform, smooth film with few pinholes, and negligible 
light scattering from surface features. The size of the perovskite grains formed was 
around 200 nm, as shown in the SEM image (Figure 3.1). Planar perovskite cells 
produced by the same film fabrication process performed well with an efficiency of 
14.65% (Figure 3.2), confirming the high quality of the material. The perovskite films 
were then coated with PMMA prior to performing photoluminescence measurements. 
Experiments (Section 4.3) suggest that a thin layer of PMMA (~200 nm) can effectively 
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protect perovskite films from moisture-related degradation at the timescale of the 
measurement (Figure 4.9), while still allow us to observe a strong increase in 
photoluminescence (Figure 4.10). It is inferred from this observation that sufficient 
oxygen can diffuse through the PMMA film to react with the photogenerated carriers 
in the perovskite. In Figure 5.1, the perovskite film was continuously illuminated by a 
532 nm excitation laser, and the PL spectra were recorded in 10 minutes intervals. In 
single point PL measurements, a 10× objective lens was used to focus the laser beam. 
The laser spot size was around 8 μm (Figure 3.4a), much larger than the grain size 
(~200 nm), and as a result, the detected PL intensity is an average of signals from 
several grains and grain boundaries. For this sample, the peak PL intensity of 
perovskite increased by a factor of 8 and saturated after 30 minutes of illumination. It 
is noted, however that some films studied can display PL enhancement ratios of more 
than two orders of magnitude. It can be seen in Figure 5.1a that the peak emission 
wavelength remains constant throughout the measurement. If there was significant 
local heating by the excitation laser, a blue-shift of PL spectra should be observed [118, 
119]. Furthermore, any thermally-induced structural or phase changes would likely 
result in a shift in the PL peak position or a change in the shape of the PL spectrum 
[120]. Therefore, the stable emission spectrum indicates that the sample temperature 
remains constant, and there are no significant structural or phase changes within the 
film.  
 
Figure 5.1(a) PL spectra of perovskite film during continuous laser exposure, measured at 0 min, 10 min, 20 min, 30 
min and 40 min. (b) PL peak intensity as a function of laser exposure time. The laser intensity is approximately 
150mWcm-2. Inset is the schematic of the perovskite film sample measured in this experiment. 
It is found that samples fully encapsulated under glass and epoxy in a nitrogen 
environment do not exhibit any significant PL enhancement under illumination 
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(Section 4.3). The strong PL enhancement is only observed for bare films exposed 
directly to air, or films coated in a thin layer of PMMA. This is in agreement with 
measurements performed by other groups under controlled atmosphere conditions 
which have identified the key role of oxygen in the PL enhancement process [41, 42]. It 
has been proposed that unknown product(s) generated by a photo-induced reaction 
with oxygen could de-activate traps in the bulk and/or on the surface of the perovskite 
films. 
5.2.2 Modelling time-dependent PL enhancement 
First, a simple recombination model described in ref. [72] is used to show that the long 
timescale light-induced PL enhancement observed in the region directly exposed to the 
laser illumination can be quantitatively described by including a trap de-activation 
term. Equation 5.1-5.3 are based on the recombination model from ref. [72] which was 
used in that work to fit PL decay and PLQE data. The original recombination model in 
ref. [72] only considered the role of trap filling processes in the carrier recombination, 
while treating total trap density NT as a constant. 
 
𝑑𝑛𝑒
𝑑𝑡
= 𝐺 − 𝑃𝐿 − 𝑅𝑡𝑟𝑎𝑝𝑛𝑒(𝑁𝑇 − 𝑛𝑇) 5.1 
 
𝑑𝑛𝑇
𝑑𝑡
= 𝑅𝑡𝑟𝑎𝑝𝑛𝑒(𝑁𝑇 − 𝑛𝑇) − 𝑅𝑑𝑒𝑡𝑟𝑎𝑝𝑛ℎ𝑛𝑇  5.2 
 𝑃𝐿 = 𝑅𝑃𝐿𝑛𝑒𝑛ℎ 5.3 
𝑛𝑒, 𝑛ℎ, 𝑁𝑇 and 𝑛𝑇  represent the concentration of free electrons and holes, total trap 
density and the density of filled traps respectively. The parameters 𝑅𝑡𝑟𝑎𝑝 and 𝑅𝑑𝑒𝑡𝑟𝑎𝑝 
are the rate of free electrons trapped by defects and the rate of hole capture. 𝑅𝑃𝐿 is 
the radiative recombination rate of free electrons and holes. A detailed explanation of 
Equation 5.1-5.3 is given in ref. [72]. Here, an electron trapping nature is assumed as in 
ref. [72]. Electron traps have previously been identified as the dominant source of 
trap-assisted recombination in CH3NH3PbI3 by comparing electron-only and hole-only 
devices [121] and directly characterising trap states [122, 123]. The contribution due to 
excitons is also ignored, since the exciton binding energy is low enough to enable 
charge separation at room temperature [124, 125]. As in the original model, thermal 
emission of electrons from the traps to the conduction band is ignored [72]. The values 
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deduced in ref. [72] from PL decay and PLQE experiments were listed in Table 5.1. 
With these parameters, the model predicts a rapid initial PL increase during the first 5–
10 μs of exposure before saturating (Figure 5.2a). If the timescale is intended to fit to 
the experiment result shown in Figure 5.1b, all of the rates need to be reduced by 
more than ten orders of magnitude, which are far below the reasonable recombination 
rates (Figure 5.2b). Thus, trap filling alone does not appear to be sufficient to explain 
the much longer timescales of PL enhancement shown in Figure 5.1, although such a 
mechanism has been proposed [67, 72, 117]. Furthermore, a simple trap-filling 
mechanism is not consistent with the observed dependence on ambient conditions as 
shown in Figure 4.10. It should be noted that ref. [72] also reported PL increases over 
more than 20 s, but did not attempt to fit the recombination model to these results. 
Table 5.1 Parameters used in the recombination model 
Parameters Values 
𝑅𝑡𝑟𝑎𝑝 2 × 10−10 𝑐𝑚3𝑠−1 
𝑅𝑑𝑒𝑡𝑟𝑎𝑝 8 × 10−12 𝑐𝑚3𝑠−1 
𝑅𝑃𝐿 1.3 × 10
−10 𝑐𝑚3𝑠−1 
𝑁𝑇 2.5 × 10
16 𝑐𝑚3 
 
 
Figure 5.2 Modelled PL increase with constant trap density (a) using reasonable rates and (b) using rates that can fit 
the measured timescale. 
Since it has been proposed that bulk traps can be de-activated by a combination of 
photogenerated carriers and oxygen, the situation should be considered where the 
total trap density 𝑁𝑇 in Equation 5.1-5.3 decreases over time as a function of the 
(a) 
 
 
 
 
𝑅𝑡𝑟𝑎𝑝 = 2 × 10
−10 𝑐𝑚3𝑠−1 
𝑅𝑑𝑒𝑡𝑟𝑎𝑝 = 8 × 10
−12 𝑐𝑚3𝑠−1 
𝑅𝑃𝐿 = 1.3 × 10
−10 𝑐𝑚3𝑠−1 
𝑁𝑇 = 2.5 × 10
16 𝑐𝑚3 
(b) 
 
 
 
 
𝑅𝑡𝑟𝑎𝑝 = 2 × 10
−22 𝑐𝑚3𝑠−1 
𝑅𝑑𝑒𝑡𝑟𝑎𝑝 = 8 × 10
−24 𝑐𝑚3𝑠−1 
𝑅𝑃𝐿 = 1.3 × 10
−28 𝑐𝑚3𝑠−1 
𝑁𝑇 = 2.5 × 10
16 𝑐𝑚3 
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remaining trap density and the electron density. For simplicity, a constant trap de-
activation rate 𝑅𝑁𝑇 is assumed, and the time-dependent trap density can be expressed 
as 
 
𝑑𝑁𝑇
𝑑𝑡
= −𝑅𝑁𝑇𝑁𝑇𝑛𝑒 . 5.4 
Note that the trap de-activation rate 𝑅𝑁𝑇 should also be related to the concentration 
of oxygen in the film since it is assumed that this is an oxygen-related trap de-
activation process. Using the same rate values quoted above for 𝑅𝑡𝑟𝑎𝑝, 𝑅𝑑𝑒𝑡𝑟𝑎𝑝, 𝑅𝑃𝐿 
and initial 𝑁𝑇 , and setting 𝑅𝑁𝑇 = 2.5 × 10
−19 𝑐𝑚3𝑠−1 , the revised model can 
reproduce the slow increase of PL over tens of minutes (Figure 5.3). The rapid increase 
of PL intensity (from zero) due to trap filling can still be observed in the first 10 μs 
(Figure 5.3, inset), but this is too rapid to detect in the measurement set-up. This 
simple model shows that the addition of a time-dependent trap density to represent 
the trap de-activation due to photogenerated carriers and oxygen can qualitatively 
reproduce the observed slow increase in PL emission observed in Figure 5.1, and in 
reports by others [42, 117]. By varying the incident power for a single set of fitting 
parameters, the power dependent PL increase indicated in Figure 3(a) of ref. [41] is 
also reproduced without the degradation region (Figure 5.4). 
 
Figure 5.3 Modelled PL intensity enhancement using parameters from Table 5.1 with additional constant trap 
reduction rate 𝑅𝑁𝑇. The modelled PL increase can last for more than 40 min with de-activation rates in the range of 
10−19 𝑐𝑚3𝑠−1; the inset shows the initial rapid increase in PL during the first 10 μs of illumination due to trap filling. 
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Figure 5.4 Modelled power-dependent PL increase as a function of time. 
5.2.3 The reversibility of trap de-activation 
The reversibility of the observed light-induced PL enhancement has already been 
discussed in several works. Ref. [42] and [117] concluded that the change can be, at 
least partially, recovered by placing the sample in the dark, although an apparent 
increase in PL has also been observed in some cases [42]. Ref. [41] and [42] also 
observed a reduction in the PL enhancement effect when isolating the films from 
oxygen. To investigate this further, a similar measurement was performed to that 
shown in Figure 5.1b, but the laser illumination was stopped at intervals during the 
initial exposure of the film. The detected PL emission right after 5min in the dark is 
always lower than that immediately before blocking the laser beam (Figure 5.5a). 
Figure 5.5b shows that the PL intensity will return to the original level if the pre-
illuminated sample is stored in the dark for 30 min in an N2 environment to protect it 
from degradation. This apparent reversibility of the enhanced PL suggests that either 
the surrounding active traps diffuse into the illuminated region, or the de-activated 
traps re-activate in the dark. 
 
Figure 5.5 Single point PL intensity measurement with intervals of laser exposure. (a) The laser source is turned on 
for 8 min and then turned off for 5 min in each cycle. The overall PL intensity is enhanced over a period of 90 min, 
while the enhanced PL always reduces to some extent during the dark time. (b) The laser source is turned on for 5 
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min and then turned off for 30 min in each cycle. The PL intensity return to the origin level when the sample is stored 
in an N2 environment. 
The mobility of defects in CH3NH3PbI3 has been frequently discussed in the literature 
[126, 127]. It has been suggested that ion vacancies and interstitial impurities can 
easily diffuse across perovskite crystals and along grain boundaries with activation 
energies less than 1 eV. Thus, trap diffusion could be potentially responsible for the 
reversibility. On the other hand, oxygen assisted trap de-activation has been suggested 
to represent an oxidation reaction of Pb0 to form PbO in the bulk and/or passivation of 
traps on the surface [42]. Recent Raman-based studies have also shown that exposure 
of perovskite films to 532 nm laser light can effectively induce Pb-O inclusion into the 
CH3NH3PbI3 framework [128]. In this scenario, the reversibility can be explained by Le 
Châtelier’s principle [42], whereby traps are either de-activated or re-activated 
according to the relative abundance of oxygen and photocarriers in the light or the 
dark. 
The following sections demonstrate the spatial characteristics of the PL enhancement 
both experimentally and numerically, and discuss that trap diffusion is not sufficient to 
explain the reduction in PL emission observed in Figure 5.5a when the illumination is 
turned off. Using a full two-dimensional numerical model that includes trap de-
activation and re-activation in addition to carrier diffusion, it is shown that all of the 
experimentally-observed features can be accurately reproduced using physically-
realistic parameter values. 
5.2.4 Observation of lateral PL enhancement 
The results in Figure 5.1 were measured at a single location using a fixed laser 
excitation spot and simultaneous PL detection, and thus only provide information 
about changes occurring in the directly-illuminated part of the film. Next, the spatial 
extent of the trap de-activation in the vicinity of the illuminated region is investigated 
by combining fixed-point illumination with rapid PL mapping over the surrounding area.  
The measurement procedure is described below. First, a 50 m × 50 m area was 
scanned by a confocal microscope to produce a PL intensity image of the unexposed 
film (Figure 5.6a). Next, the near-diffraction limited laser spot was moved to the centre 
of this area and held there for 5 minutes, before repeating the area scan. In this way, a 
series of PL images were taken after every 5 minutes of laser exposure up to a total 
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exposure time of 20 minutes (Figure 5.6 b-e). An 100× objective lens was used for 
scanning in order to obtain high resolution, with a spot size of 930 nm. The green 
marker at the centre of the images indicates the size and position of the laser spot. The 
profile of the focussed laser beam and the measurement of laser spot size is shown in 
Figure 3.4b. The resolution of the images in Figure 5.6 is 200 pixel × 200 pixel; and the 
illumination time for each pixel is 1 ms. The time for PL imaging (~30 s) is much shorter 
than the 5 minutes continuous laser excitation in the centre; therefore light-induced 
changes during image scanning are negligible. This can be observed by the unchanged 
PL intensity at the edges of the scanned area.  
 
 
Figure 5.6 Spatial dependence of PL enhancement in a perovskite film due to laser exposure demonstrated by PL 
imaging. A tightly focussed laser spot was positioned in the centre of the image (green circle) for (a) 0 min, (b) 5 min, 
(c) 10 min, (d) 15 min and (e) 20 min, followed by a rapid scan of the PL emission. The diameter of laser spot is 
estimated to be 930 nm. The laser intensity is approximately 50 W cm-2. The integration time of each pixel is 1 ms 
and there are 10 pixels per nanometre. 
At the centre of this area, the PL intensity increases with exposure time as expected 
from the results in the previous section. Surprisingly, however, the region of PL 
enhancement extends far beyond the laser spot, with increased emission observed 
more than 5 m from the centre after 20 minutes of exposure (Figure 5.6e). As 
discussed previously, it is believed that the PL enhancement is caused by the reaction 
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of three elements: photogenerated carriers, bulk traps and oxygen-related species. It 
can be assumed that a certain amount of oxygen gas has penetrated into the 
perovskite through the PMMA layer as the measurement was performed in air. Thus, 
the lateral spreading of the PL enhancement beyond the illuminated region may be a 
result of the outward diffusion of carriers (Figure 5.7a), the inwards diffusion of traps 
(Figure 5.7b), or a combination of both. Note that, the sample used in this experiment 
is planar perovskite film deposited on glass substrate, the surface roughness should be 
very small (Figure 3.1), and light scattering can be ignored in this case. 
 
Figure 5.7 Schematic diagram of (a) carrier diffusion and (b) trap diffusion. 
The carrier diffusion length of perovskites has been reported to vary from hundreds of 
nanometres to a few micrometres [62, 64, 67, 129-134], and is expected to increase 
locally as traps are de-activated in the presence of carriers and oxygen. Vertical carrier 
diffusion was proposed in ref. [42] as being responsible for an enlarged trap de-
activation zone deeper inside the bulk of perovskite films during prolonged exposure. 
The same mechanism may allow photocarriers to diffuse laterally over the distances 
observed in Figure 5.6 during the trap de-activation process, as illustrated in Figure 
5.7a. In addition, the possibility of trap diffusion has been identified in the previous 
section. Therefore, it is also possible that active traps may diffuse towards the centre 
of the exposed region, as the traps are de-activated close to the laser spot. This effect 
may further contribute to the lateral spread of the PL enhancement into unexposed 
areas (Figure 5.7b). 
5.2.5 Investigating trap diffusion and trap re-activation 
To investigate the possible contribution of trap diffusion to the lateral spread of PL 
enhancement, a modified version of the measurements is performed in Figure 5.5a. 
Instead of exposing a single point, a small area (20 m × 20 m) was continuously 
scanned for 5 min intervals to de-activate traps over a much larger area. The PL was 
mapped over a 50 m × 50 m area centred on the exposed region every 5 minutes 
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(Figure 5.8a). Note that the two bright spots in the left corners of the continuously 
scanned areas in Figure 5.8 a and b are the start point and end point of each scan, 
where the laser spot paused briefly. These two points received a longer exposure than 
the rest of the scanned area. Figure 5.8c shows the PL intensity of the cross-sections in 
Figure 5.8a, indicating that the PL increases dramatically in the exposed area, and 
extends several microns beyond. Exposure of the central area was stopped after 25 
min, and the PL intensity is mapped continuously every 5 min (Figure 5.8b). During this 
period, the PL intensity of the entire scanned area decreased at the same rate (Figure 
5.8d). Importantly, there is no evidence of the recovery starting from the edges and 
spreading inwards – the edges of the previously exposed area remain sharp and well-
defined, indicating that either (a) the decrease in PL intensity is not due to active traps 
diffusing into the trap de-activated area; or (b) the diffusion of traps is negligible over 
length scales beyond a few micrometres and time scales of minutes. 
 
Figure 5.8 Small area de-activation and re-activating of traps: (a) 50 μm × 50 μm PL intensity images obtained after 
continuous scanning of a central 20 μm × 20 μm area for 5 min, 10 min, 15 min, 20 min and 25 min. (b) After a total 
expose time of 25 min the exposure was stopped and PL emission was imaged every 5 min for another 20 min. The 
white square indicates the illuminating region. Integrated cross-section for de-activation and re-activation are 
shown in (c) and (d) respectively. The light yellow region (15 μm to 35 μm) indicates the illuminated area. The laser 
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wavelength is 532 nm. The laser intensity is approximately 50 W cm-2. The integration time of each pixel is 1 ms and 
there are 10 pixels per nanometre. 
Therefore, it can be concluded that the lateral expansion of the PL enhanced region is 
dominated by photocarrier diffusion. Furthermore, these results strongly suggest that 
the reversibility of laser induced PL enhancement is dominated by the re-activation of 
de-activated traps after illumination is stopped, a result which is in agreement with ref. 
[42]. 
5.2.6 Modelling spatial-dependent PL enhancement 
In this section, it is demonstrated that the key experimental observations presented 
above can be reproduced in a semiconductor model with realistic parameters. The 
model was designed to include the essential features of localised generation, 2-
dimensional carrier diffusion, trap-assisted recombination, trap de-activation by 
photo-generated electrons, and trap re-activation. The resulting set of coupled non-
linear partial differential equations was solved using the semiconductor module of 
COMSOL Multiphysics.  
The semiconductor model developed for this study incorporated the 2-dimensional 
semiconductor drift-diffusion equations (although no electric field was present for the 
drift contribution) plus terms accounting for generation and recombination via traps, 
as well as radiative recombination. The semiconductor module of COMSOL 
Multiphysics was used to solve these equations for an input trap density profile which 
was determined by the competition between de-activation via free electrons and 
re-activation on a pre-set timescale: 
 
𝜕𝑁𝑡
𝜕𝑡
= −𝑅𝑑𝑒𝑎𝑐𝑛𝑒𝑁𝑡 +
𝑁𝑡0 − 𝑁𝑡
𝜏𝑟𝑒𝑎𝑐
. 5.5 
Starting from a trap distribution with uniform density 𝑁𝑡0, the semiconductor model 
was used to determine 𝑛𝑒, which was then used to update the trap distribution 
according to Equation 5.5 ready for input into the semiconductor module at the next 
time step. After generating a history of trap densities, a simulation of the PL imaging 
process is performed in a fully 2-dimensional model which accounted for the finite 
laser spot size and the focal width, both of which were found to be significant given 
the rapid spatial variation in recombination rates. 
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It is noted that in contrast with the 0-dimensional preparatory calculations of Figure 
5.3, which assumed a constant carrier lifetime and permanent trap deactivation, this 
full model includes the possibility of both trap deactivation and re-activation, and a 
carrier lifetime which is directly related to a spatially varying trap density. 
 
Figure 5.9 A full comparison between raw experimental PL intensity data (bottom row), spline-smoothed data 
(middle) and the modelled result (top) using the parameters in Table 5.2. 
Figure 5.9 shows a comparison between the raw transient PL data, smoothed, and 
modelled data. Line plots of the averaged PL data at varying displacements from the 
central spot for both experimental and modelled results are also shown in Figure 5.10.  
 
Figure 5.10 Line plots of the averaged PL data at varying displacements from the central spot for (a) experimental 
and (b) modelled results. 
To obtain this agreement, an approximate fitting procedure was performed on 
parameters including the initial trap density, capture probabilities, and carrier 
mobilities (a summary of values is given in Table 5.2). The result successfully 
reproduces the most prominent features in the experimental data such as a total 
enhancement factor of ~50 for the central spot, the spread of enhanced PL efficiency 
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out to distances of 5 mm at long times and the distinctive S-shape of curves at larger 
radii (Figure 5.10). Most importantly, the model parameters all fall within known 
ranges for solution-deposited CH3NH3PbI3, although it should be emphasised that 
there were too many unknowns in the fitting procedure for these to be used as reliable 
estimates. Instead, the above is considered as compelling quantitative evidence in 
favour of the theory that light- and oxygen-related trap de-activation is the source of 
PL enhancement in CH3NH3PbI3 films.  
Table 5.2 Parameters used in the semiconductor model. 
𝑁𝑡0 (initial trap density) 2×10
10 cm−3 
𝐶𝑛, 𝐶𝑝 (capture probabilities) 3×10−10 cm−3s−1 
𝑅𝑑𝑒𝑎𝑐 (rate of trap de-activation) 2×10
−16 cm3min−1 
𝜏𝑟𝑒𝑎𝑐 (fitted timescale of trap re-activation) 20 min 
𝐸𝑡 (defect level) 0.7 𝐸𝑔 
𝜇𝑛, 𝜇𝑝 4 cm3V-1s-1 
𝑃𝑠𝑜𝑎𝑘/𝑃𝑝𝑟𝑜𝑏𝑒 130Wcm-2/80Wcm-2 
𝑑𝑠𝑜𝑎𝑘/𝑑𝑝𝑟𝑜𝑏𝑒 2.1𝜇𝑚/0.7𝜇𝑚 
C (radiative coefficient) 1.7×10−10 s-1cm-3 
As a bonus, this model can also reproduce the trend in Figure 5.5a, namely that the PL 
enhancement is accelerated after extended periods in the dark (Figure 5.11a). This can 
be understood by inspection of Figure 5.11b which shows that the most significant 
recovery after switching off the illumination occurs in the central region, whereas the 
de-activation “progress” further away is almost unaffected. After the recovery period a 
high photogenerated carrier density is able to rapidly de-activate the central region 
once more to resume the de-activation of defects at the expanding boundary. 
 
 
 
80 
 
Figure 5.11 (a) Simulated PL intensity following periods when the illumination is switched off and traps are allowed 
to recover. (b) Trap densities immediately before and after the recovery period beginning at t=5min showing a rapid 
recovery in the central region where the density of de-activated traps is largest. 
5.3 Conclusion 
In summary, a combination of experimental photoluminescence measurements and 
numerical modelling have been used to investigate the dramatic enhancement in 
photoluminescence following prolonged light exposure with timescales ranging from 
minutes to hours. Expanding on previous work which attributed this phenomenon to 
trap de-activation in the presence of light and oxygen, it has been shown that the time 
and spatial dependence of the photoluminescence enhancement can be explained by a 
combination of trap de-activation and photogenerated carrier diffusion away from the 
light-exposed area. The trap de-activation process was directly observed by combining 
localised illumination with PL imaging, resulting in lateral carrier diffusion over several 
microns. Furthermore, it has been demonstrated that the trap de-activation is not a 
permanent change, and that de-activated traps re-activate once the illumination is 
turned off. The temporal and spatial dependence of laser induced PL enhancement 
was modelled in perovskite films, taking into account trap de-activation, carrier 
diffusion and trap re-activation and successfully reproduced the observed key features.  
5.4 Published studies after this work 
In the literature review of oxygen-related PL enhancement (2.3.2), the relevant studies 
after this publication have been discussed [43-46, 57]. First, the energy levels of the 
de-activated traps were investigated by Zhang and Meggiolaro. According to the 
limited penetration of O2 into perovskite crystals, Zhang suggested that only surface 
traps are de-activated by oxygen [44]. However, the trap de-activation mechanism was 
considered as the formation of iodine oxides in Meggiolaro’s study. By modelling the 
trap energy states of interstitial iodine based on hybrid density functional theory, a 
relatively deep trap energy level of 0.54 eV below the conduction band was obtained 
[45]. On the other hand, the type of oxygen species that de-activates traps was 
investigated by Feng et al [46]. They suggested that the penetrated O2 would react 
with free carriers to generate superoxides O2-, which could effectively passivate the 
traps in perovskites. Stoeckel proposed a potential application of this oxygen-related 
PL behaviour – perovskite oxygen sensor [57].  A perovskite device has been fabricated 
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to demonstrate the real-time change in current when placing the device in the 
atmosphere with different O2 concentration (Figure 2.7). 
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Chapter 6 Characterisation of trap states in 
perovskite films 
The contents of this chapter have been accepted as the following journal article: X. Fu, 
K. J. Weber and T. P. White, “Characterisation of trap states in perovskite films by 
simultaneous fitting of steady-state and transient photoluminescence measurements,” 
Journal of Applied Physics. 
6.1 Introduction 
One of the defining characteristics of perovskite solar cells is their high open circuit 
voltage. The best mixed-cation, mixed-halide perovskite solar cells have achieved 𝑉𝑂𝐶  
of 1.2 V with a bandgap of ~1.6 eV [135]. Such performance results from the excellent 
optoelectronic properties of solution-processed perovskite films, and in particular their 
high radiative efficiency. In two recent reviews, Tress [77] and Stranks [72] discussed 
the importance of radiative efficiency for cell performance, and identified further 
reductions in non-radiative recombination as the key to boosting cell efficiency toward 
theoretical limits.  
Under normal operating conditions, non-radiative recombination in perovskite solar 
cells is dominated by trap-assisted recombination, referred to Chapter 2. The physical 
and chemical origin of such traps (or defects) in perovskite materials is an ongoing 
research topic, but intrinsic defects such as lattice vacancies and interstitial ionic 
species have been identified as likely contributors. Experimental characterisation of 
the recombination dynamics and trap properties is an essential step toward identifying 
and eventually mitigating specific trap states, and requires accurate and reliable 
methods for comparing different samples and material compositions. 
The three main physical parameters that determine how a particular trap state will 
impact the non-radiative recombination rate are the trap density (𝑁𝑡), energy level (𝐸𝑡) 
and capture cross-sections for electrons and holes (𝜎𝑛  and 𝜎𝑝 respectively) [77]. 
Measuring these parameters directly is challenging and few techniques allow all 
parameters to be extracted simultaneously.  Electrical characterisation methods for 
measuring trap density and energy level include thermally stimulated current and 
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capacitance vs. frequency measurements at different temperatures [74-76, 136]. 
However, both techniques require electrical contacts on the sample which can 
introduce additional recombination, while the application of an electrical bias can also 
induce ion migration. Temperature-dependent measurements also present challenges 
for perovskites due to the possibility of phase transitions and/or thermal degradation.   
Steady-state and transient photoluminescence measurements are widely used for 
studying carrier recombination in perovskite films and solar cells as they are fast, non-
contact, and can be applied to films, partial devices and complete cells. Both types of 
measurements are commonly used to compare the relative quality of samples, where 
high PL intensity and/or long lifetimes are typically associated with improved cell 
performance.  Alternatively, more detailed quantitative data can be extracted by 
fitting the experimental measurements to a theoretical recombination model. Ideally, 
such a model should not only provide a good fit to the experimental data, but should 
also allow relevant physical parameters to be extracted.   
The most common recombination models used to fit transient measurements are 
based on the simple rate equation 
𝑑𝑛
𝑑𝑡
= 𝐺 − 𝑘1𝑛 − 𝑘2𝑛
2 − 𝑘3𝑛
3  , where 𝑛 is the 
electron density, 𝐺  is the charge-carrier generation rate; 𝑘1  is the trap-assisted 
recombination rate; 𝑘2  is the radiative recombination rate; and 𝑘3  is the Auger 
recombination rate [81, 82]. A major limitation of this approach is that the trap-
assisted recombination is described by a single rate constant 𝑘2, which does not 
directly relate to the relevant physical trap parameters (density, energy level, cross-
section) identified above. Furthermore, the rate equation is strictly only valid when the 
electron density (𝑛) and hole density (𝑝) are equal, and when the concentration of 
generated carriers is much higher than the intrinsic carrier concentration (𝑛𝑖). Only 
under these conditions is the radiative recombination rate proportional to 𝑛2; more 
generally it scales as (𝑛𝑝 − 𝑛𝑖
2).   
The simple rate equation given above was extended by Stranks and Manger [72, 73] to 
include separate terms for capture and emission of free carriers, as well as 
dependence on trap density and capture cross-section (Section 2.5.2). These works 
provided new insights into carrier recombination dynamics, but the trap energy level 
was still not explicitly included in the model. 
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A complete physical model of SRH recombination including all three physical trap 
parameters was used by Wen et al [87] to fit steady-state PL measurements as a 
function of excitation level. However, as discussed below, steady-state PL 
measurements depend only weakly on trap energy level and capture cross-section, and 
thus the accuracy with which these parameters can be estimated with this approach is 
relatively low. 
To overcome the limitations of the above methods, here a single, general transient 
recombination model is applied to fit simultaneously both steady-state and transient 
PL measurements as a function of excitation intensity. With this approach, it is possible 
to extract recombination coefficients, trap density, trap energy level, capture cross-
section, and doping density, and to estimate the accuracy of the fitted parameters 
using a sensitivity analysis. The technique is demonstrated on both CH3NH3PbI3 and 
high-performance quadruple-cation Cs0.07Rb0.03(FA0.85MA0.15)0.9Pb(I0.85Br0.15)3 perovskite 
films, providing a direct comparison of differences in trap properties in these two 
perovskite compositions. Interestingly, the most notable difference between the two 
film compositions is seen in the hole capture cross-section, which differ by two orders 
of magnitude. While further study is required to verify these observations, the results 
may provide new insights into the origin of the improved performance of mixed-
cation/mixed-halide perovskites. These results demonstrate the utility of 
photoluminescence analysis for quantitatively studying trap states in perovskite films. 
6.2 Theory 
The detailed theory of recombination kinetics in non-degenerate semiconductors has 
been described in Section 3.3.2. Here, the dynamics of carriers and traps during 
transient and steady-state PL measurements are modelled based on Equations 3.16-
3.34. For the required constants in the model, the semiconductor bandgap 𝐸𝑔 was 
extracted from measured PL spectra (Figure 6.1). The effective density of states 𝑁𝐶  and 
𝑁𝑉 of the perovskite materials are calculated according to the reported effective 
masses of electrons and holes (𝑚𝑒
∗  and 𝑚ℎ
∗ ) [137]. The absorption coefficients of 
MAPbI3 and quadruple-cation perovskite films were taken from published values to 
be 1.5 × 104 𝑐𝑚−1 [105] and 1.2 × 105 𝑐𝑚−1 [138] respectively at a wavelength of 
approximately 500 nm for the purpose of calculating generation rates within the films. 
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Furthermore, following the approach of Stranks, Manger and Wen [72, 73, 87], it is 
assumed that the recombination is dominated by a single type of trap, although the 
presence of multiple traps has been reported [75, 76, 139].  
 
Figure 6.1 Normalised PL spectra extracted from MAPbI3 film (red curve) and quadruple-cation film (blue curve). 
This is sufficient to obtain very good fits to the experimental parameters, suggesting 
either that the assumption of a single trap state is valid, or that the extracted trap 
parameters correspond to ‘effective’ values with contributions from several different 
trap states. It is not possible to separate these two possibilities with the available data.  
6.3 Numerical implementation 
The recombination expressions summarised in Section 3.3.2 were implemented in a 
time-domain numerical model that could be used to simulate both steady-state and 
transient experimental conditions. To reproduce a steady-state PL intensity 
measurement in the model, a constant generation term was set at time 𝑡 = 0, and the 
time-dependent recombination rates (Equations 3.26 and 3.27) were calculated until 
they reached equilibrium where the SRH recombination rates of electrons and holes 
were equal (Figure 6.2a). Intensity-dependent PL intensity curves were produced by 
repeating this calculation as a function of generation rate. Examples of such curves are 
shown in Figure 6.4 a, c and e, calculated for representative parameter values.  When 
fitting the model to the experimental data, it was necessary to scale the modelled data 
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by a constant value as the experimental measurements were uncalibrated and 
included optical collection losses.  Experimental generation rates were calculated from 
the laser wavelength, laser intensity and the absorption coefficient. The detailed 
experiment settings are described in the Section 3.2.2. 
To simulate a transient PL measurement, the ~110 ps excitation laser pulse was 
approximated by a square generation profile and the transient radiative recombination 
rates were calculated following the pulse. The results of such a simulation are shown in 
Figure 6.2b. The normalised decay curve on the right-hand side of Figure 6.2b is 
equivalent to the measured PL decay. The excited carrier density was calculated from 
the laser wavelength, laser intensity, laser pulse width, and the absorption coefficient 
(See Section 3.2.2 for experiment details). 
 
Figure 6.2 (a) Modelled recombination rates as a function of time after turning on a constant illumination at t = 0 
until steady-state condition is reached; (b) Modelled radiative recombination rate as a function of time during one 
period of laser pulse (110 ps pulse width and 1600 ns repetition rate) in the transient PL measurement. Note that the 
time scales on the left hand side and right hand side of (b) are different. 
It is common practice to normalise transient PL curves to the initial (t ≈ 0) data point in 
order to compare multiple measurements. However, this approach can be sensitive to 
the very rapid dynamics that occur during and within the first few ns following the 
excitation pulse. This is illustrated in Figure 6.3a using a simulated example. 
Normalising the PL decay curves with different starting points (Point 1, 2 and 3 in 
Figure 6.3a; which are separated by only 200 ps) leads to a vertical shift in the 
normalised results (Figure 6.3b). While this may not be significant when comparing 
relative decay rates between samples, it is a potential source of error when attempting 
to fit a numerical model to multiple decay curves measured under different conditions, 
as in this work.  Thus, to minimise the uncertainty caused by normalisation, here both 
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the experimental and modelled transient PL curves are normalised at a later time of t = 
50 ns where the decay curves are less steep, and there is no possibility of contribution 
from the excitation pulse. 
 
Figure 6.3 (a) Simulated generation rate and transient radiative recombination rate during pulsed excitation. (b) The 
transient radiative recombination rate normalised at different initial data points 1, 2, 3 shown in (a), where these 
points are separated by 200 ps. 
Before attempting to fit the recombination model to the experimental data, the 
sensitivity of the steady-state and transient PL measurements to the trap parameters 
of interest is investigated using published parameter values as inputs to the model.  
For this part only CH3NH3PbI3 is considered, as published experimental data on trap 
properties in multi-cation perovskite compositions is limited.  
Table 6.1 Parameters of CH3NH3PbI3 from literatures 
Parameters Values 
𝐵 (𝑐𝑚3𝑠−1) 1.3 × 10−10 [72], 5.9 × 10−13 [73] 
𝑁𝑡 (𝑐𝑚
−3) 2.5 × 1016 [72], 7.44 × 1016 [87], 1.04 × 1017 [87] 
𝐸𝑡 (𝑒𝑉) 𝐸𝑐 − 𝐸𝑡  
0.62, 0.75, 0.76 [75], 
0.24, 0.66 [76] 
𝐸𝑡 − 𝐸𝑣  
0.129, 0.024, 0.16, 
0.459, 0.508 [139] 
⟨𝑐𝑛⟩ (𝑐𝑚
3𝑠−1) 2 × 10−10 [72], 9.1 × 10−13 [73] 
⟨𝑒𝑛⟩ (𝑐𝑚
3𝑠−1) 8 × 10−12 [72], 3.42 × 10−12 [73] 
𝛤 (𝑐𝑚6𝑠−1) 1.08 × 10−31 [73] 
𝐷𝑜𝑝𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  
(𝑐𝑚−3) 
𝑁𝐴 = 4.0 × 10
16 [140], 𝑁𝐷 = 2.8 × 10
17 [140] 
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Table 6.1 summarises the key material parameters of CH3NH3PbI3 perovskite films 
from several different publications [72, 73, 75, 76, 87, 139, 140]. Significant variations (> 
two orders of magnitude) are noted in the published values of radiative coefficient (𝐵), 
trap density (𝑁𝑡), and electron capture coefficient (⟨𝑐𝑛⟩). Many different values have 
also been reported for trap energy levels (𝐸𝑡), including both shallow hole and shallow 
electron traps, and deep (mid-gap) traps. This wide variation may indicate either wide 
sample-to-sample variation, or large experimental uncertainty (or both).  The trap 
energy levels may also be influenced by whether the perovskite film is p-type or n-type, 
which has been found to vary depending on fabrication processes [140]. 
Table 6.2 Input parameters for the numerical implementation. 
Parameter Values 
𝐵 (𝑐𝑚3𝑠−1) 1 × 10−10 
𝑁𝑡 (𝑐𝑚
−3) 1 × 1016 
𝐸𝑡 (𝑒𝑉) 0.20 
⟨𝑐𝑛⟩ (𝑐𝑚
3𝑠−1) 1 × 10−8 
⟨𝑒𝑛⟩ (𝑐𝑚
3𝑠−1) 5 × 10−9 
𝛤 (𝑐𝑚6𝑠−1) 1 × 10−31 
𝑁𝐴 (𝑐𝑚
−3) 3 × 1014 
Using as input parameters representative values from Table 6.2, Figure 6.4 shows 
simulated PL intensity vs. excitation power curves (Figure 6.4 a, c and e) and simulated 
transient PL curves (Figure 6.4 b, d and f) for varying trap density (Figure 6.4 a and b), 
trap energy level (Figure 6.4 c and d) and electron capture coefficient (Figure 6.4 e and 
f). The range of generation rates in the excitation-dependent steady-state PL 
simulation and the excitation level used in the transient PL simulation (~ 1 ×
1024 𝑐𝑚−3𝑠−1) were chosen to approximate the experimental conditions. Note that 
the decision to normalise the transient PL curves at a time of 50 ns results in apparent 
trends that may appear different to the standard approach of normalising to the initial 
intensity. This does not affect the following parameter fitting procedure since the 
experimental and simulated curves are normalised in the same way. 
As expected, Figure 6.4a shows that both the shape and magnitude of the steady-state 
PL intensity curves (radiative recombination rate) are relatively sensitive to changes in 
the trap density under the simulated conditions. The corresponding transient PL curves 
in Figure 6.4b also exhibit a dependence on these parameters, but this dependence 
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weakens at higher trap densities. This suggests that intensity-dependent steady-state 
PL measurements may be more accurate for extracting trap density when the density 
is high.  In contrast, the steady-state PL curves plotted in Figure 6.4c show only a very 
weak dependence on trap energy level, whereas the transient PL curves have a much 
stronger dependence. This may be a consequence of the relatively high generation 
rates simulated for the steady-state case: when the density of photogenerated carriers 
is much higher than the trap density, the trap occupation rate becomes saturated. The 
stronger dependence in Figure 6.4d results from different rates of electron capture 
and emission at low excitation level, which are sensitive to trap energy level. Figure 6.4 
e and f exhibit behaviour between the previous two cases: the steady-state PL curves 
are relatively sensitive to the electron capture coefficient at low generation rates, but 
converge as the generation rate is increased. The transient PL curves in Figure 6.4f 
show a transition from a single exponential (radiative recombination-dominated) 
decay when the capture coefficient is smaller than the emission coefficient (blue 
curve), to a non-exponential decay at higher capture coefficient values. 
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Figure 6.4 The simulated excitation-dependent steady-state PL measurement with different (a) trap density 𝑁𝑡, (c) 
trap energy level 𝐸𝑡, and (e) capture coefficient of electron 〈𝑐𝑛〉; the simulated excitation-dependent transient PL 
measurement with different (b) trap density 𝑁𝑡, (d) trap energy level 𝐸𝑡, and (f) capture coefficient of electron 
〈𝑐𝑛〉.The input values are listed in Table 6.2. 
The results in Figure 6.4 show that at least in some cases, transient PL measurements 
are relatively insensitive to 𝑁𝑡 (Figure 6.4b), while excitation-dependent PL intensity 
shows little dependence on  𝐸𝑡  (Figure 6.4c) within the experimental conditions 
simulated. Thus, attempting to extract values of trap properties using only one of 
these PL measurement techniques would result in large uncertainties. However, fitting 
a single recombination model to both sets of experiment data simultaneously, can 
significantly improve the accuracy of the fitted trap parameters, as shown below. In 
addition, the accuracy of the parameter extraction is further improved by including in 
the fitting routine three sets of transient PL spectra for each sample, measured at 
different excitation levels. 
6.4 Experimental results 
Two perovskite compositions were used in this experiment: the widely-studied MAPbI3 
and the more recently developed quadruple-cation/mixed halide perovskite 
Cs0.07Rb0.03(FA0.85MA0.15)0.9Pb(I0.85Br0.15)3. Both compositions were deposited as planar 
films on glass substrate as described in Section 3.1.2 and 3.1.3. Both films were coated 
with PMMA to protect them from moisture, and to passivate surface defects [96, 141]. 
The measurements were performed in a nitrogen environment.  
Steady-state and transient PL measurements were carried out in a confocal 
microscope during a single measurement session. Further details of the experimental 
set-up and laser sources are provided in the Section 3.2.2. Steady-state PL spectra 
were collected first by varying the laser intensity over several orders of magnitude, 
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corresponding to generation rates from 1023 - 1028 cm-3s-1 (the calculation of 
generation rate is shown in Section 3.3.2). This range of generation rates spans 
operating regions previously identified as being dominated by monomolecular and 
bimolecular recombination [78, 79], and at the highest intensities starts to enter the 
Auger recombination regime. The PL peak intensities are plotted in Figure 6.5 a and c 
as a function of generation rate. Next, time-resolved PL spectra were measured at the 
same location on the sample under three different excitation levels (Figure 6.5 b and d).  
 
 
Figure 6.5 Measured (blue dots) and modelled (red line) steady-state PL peak intensity as a function of carrier 
generation rate on (a) MAPbI3 perovskite film and (c) quadruple-cation perovskite film (Laser wavelength is 532 nm). 
Measured (dots) and modelled (lines) Transient PL with different excitation levels on (b) MAPbI3 perovskite film and 
(d) quadruple-cation perovskite film (508 nm pulsed laser, 625 kHz repetition rate). 
To confirm the sample stability during the experiment, films were exposed to the 
maximum laser intensity used in the steady-state PL measurements for 10 minutes and 
the PL emission was monitored. Samples were tested in two locations: first on an area 
of the sample that had already been measured, and also on a fresh (non-exposed) area. 
No significant change in the PL intensity was observed in either case (Figure 4.11).  
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In the recombination model, seven parameters (𝐵, 𝑁𝑡 , 𝐸𝑡 , 〈𝑐𝑛〉, 〈𝑒𝑛〉, 𝛤 , 𝑁𝐴 ) are 
unknown. Here, an electron trapping nature is assumed as in ref. [72] for p-type 
perovskite materials, corresponding to a trap energy level between the mid-gap and 
the conduction band. It is also assumed that the Auger coefficients are equal (𝛤𝑛 =
𝛤𝑝 = 𝛤) to simplify the fitting, as has also been assumed in previous works [73].  
The recombination model was fitted simultaneously to the four sets of experimental 
data (one set of steady state PL vs excitation level data and three sets of transient PL 
data): 
For excitation-dependent PL peak intensity, 
 𝑁𝑅𝑀𝑆𝐸𝑃𝐿 =
√1
𝑛
∑ (𝑙𝑜𝑔10(𝑃𝐿𝑚𝑜𝑑𝑒𝑙) − 𝑙𝑜𝑔10(𝑃𝐿𝑒𝑥𝑝))
2
𝑛
𝑖=1
|
1
𝑛
∑ 𝑙𝑜𝑔10(𝑃𝐿𝑒𝑥𝑝)
𝑛
𝑖=1 |
. 6.1 
For time-resolved PL decay at each of the excitation level, 
 𝑁𝑅𝑀𝑆𝐸𝐷𝑒𝑐𝑎𝑦 =
√1
𝑛
∑ (𝑙𝑜𝑔10(𝐷𝑒𝑐𝑎𝑦𝑚𝑜𝑑𝑒𝑙) − 𝑙𝑜𝑔10(𝐷𝑒𝑐𝑎𝑦𝑒𝑥𝑝))
2
𝑛
𝑖=1
|
1
𝑛
∑ 𝑙𝑜𝑔10(𝐷𝑒𝑐𝑎𝑦𝑒𝑥𝑝)
𝑛
𝑖=1 |
. 6.2 
Then, the combined 𝑁𝑅𝑀𝑆𝐸 is calculated by taking the average of 𝑁𝑅𝑀𝑆𝐸𝑃𝐿 and the 
average of three 𝑁𝑅𝑀𝑆𝐸𝐷𝑒𝑐𝑎𝑦 values for each sample. 
 𝑁𝑅𝑀𝑆𝐸 = 𝑁𝑅𝑀𝑆𝐸𝑃𝐿 +
1
𝑛
∑ 𝑁𝑅𝑀𝑆𝐸𝐷𝑒𝑐𝑎𝑦
𝑛
𝑖=1
 6.3 
Therefore, a single, combined value of normalised root mean square error (𝑁𝑅𝑀𝑆𝐸) 
was defined, and minimised using a nonlinear optimisation routine. To improve the 
accuracy of the fitting, the logarithm of the data was taken since the measured PL 
intensities in both experiments are varied by several orders of magnitude. The process 
was repeated several times with different starting conditions to ensure that a stable, 
global minimum had been found.  The fitted numerical results are plotted in Figure 6.5 
as solid curves; and the fitted parameters are listed in Table 6.3.  
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Table 6.3 Fitted results and uncertainty bounds of each parameter. 
Fitted 
Parameters 
CH3NH3PbI3 Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 
Fitted 
value 
Lower 
bound 
Upper 
bound 
Fitted 
value 
Lower 
bound 
Upper 
bound 
𝐵 (𝑐𝑚3𝑠−1) 7 × 10−12 𝑁/𝐴 7.8 × 10−11 3 × 10−12 𝑁/𝐴 3.0 × 10−11 
𝑁𝑡  (𝑐𝑚
−3) 1 × 1016 8.6 × 1015 2.3 × 1016 8 × 1016 6.4 × 1016 1.1 × 1017 
𝐸𝑡  (𝑒𝑉) 0.20 0.188 0.202 0.17 0.161 0.172 
⟨𝑐𝑛⟩ (𝑐𝑚
3𝑠−1) 8 × 10−9 6.6 × 10−9 1.1 × 10−8 1 × 10−9 8.7 × 10−10 1.2 × 10−9 
⟨𝑒𝑛⟩ (𝑐𝑚
3𝑠−1) 4 × 10−8 3.8 × 10−8 4.5 × 10−8 4 × 10−10 3.4 × 10−10 3.9 × 10−10 
𝛤 (𝑐𝑚6𝑠−1) 1 × 10−30 𝑁/𝐴 3.6 × 10−29 8 × 10−32 𝑁/𝐴 8.0 × 10−31 
𝑁𝐴 (𝑐𝑚
−3) 3 × 1014 2.5 × 1014 3.3 × 1014 2 × 1016 1.7 × 1016 1.9 × 1016 
When comparing the experimental data to the numerical model, there are two distinct 
sources of error that contribute to the 𝑁𝑅𝑀𝑆𝐸.  The first is noise in the raw 
experimental data that can be seen clearly in Figure 6.5. The second source of error is 
related to how accurately the numerical model describes the recombination kinetics. 
In the discussion below these are referred to as the experimental error and fitting error 
respectively. The presence of experimental error means that even if the model 
captures all of the relevant physical processes, the total 𝑁𝑅𝑀𝑆𝐸 will remain non-zero. 
Thus, it is desirable to separate the two error contributions. To approximate this, firstly 
a smoothed set of experimental data is generated by applying a moving average 
function. The experimental uncertainty is then defined as the 𝑁𝑅𝑀𝑆𝐸 between the 
smoothed moving average curve and the raw (noisy) data; while the fitting error is 
defined as the 𝑁𝑅𝑀𝑆𝐸 between the model and the smoothed experimental data. 
With this definition experimental 𝑁𝑅𝑀𝑆𝐸 values of 0.1 for both the MAPbI3 and 
quadruple-cation perovskite films are calculated. Using this estimated experimental 
error as an upper error limit, the uncertainty of individual fitted parameters is defined 
as the range of parameter values within which the fitted 𝑁𝑅𝑀𝑆𝐸 remains smaller than 
the experimental 𝑁𝑅𝑀𝑆𝐸. Although this is a somewhat arbitrary choice, it provides a 
consistent definition for assigning an uncertainty to the fitted parameters. These 
uncertainties are expressed as upper and lower bounds on each parameter in Table 6.3. 
As can be seen in Table 6.3, the above approach for defining uncertainties results in 
undefined lower bounds on the radiative recombination coefficient 𝐵  and Auger 
recombination coefficient 𝛤. To investigate this further, the sensitivities of the fitted 
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parameters to the two different types of experimental measurements: excitation-
dependent steady-state PL and transient PL are considered. 
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Figure 6.6 The fitting error (NRMSE) of steady-state PL measurements (solid lines), transient PL measurements (dash 
lines) and combined experiments (solid line with marker) on MAPbI3 perovskite film (blue curves) and quadruple-
cation perovskite film (red curves) when sweeping (a) radiative recombination coefficient 𝐵, (b) trap density 𝑁𝑡, (c) 
trap energy level 𝐸𝑡 , (d) capture coefficient of electron ⟨𝑐𝑛⟩, (e) capture coefficient of hole ⟨𝑒𝑛⟩, (f) Auger 
recombination coefficient 𝛤, and (g) acceptor density 𝑁𝐴. 
The blue curves in each sub figure of Figure 6.6 show the individual fitted NRMSE 
contributions associated with the steady-state PL data (solid curves), the transient PL 
data (dashed curves), and the total (combined) NRMSE contributions (solid curve with 
circles), for the MAPbI3 sample as a function of a specific fitting parameter.  The 
equivalent data is also shown for the quadruple-cation perovskite sample (red curves). 
Consider first the blue curves in Figure 6.6a. In this case, the quality of the fit to both 
types of PL measurements is seen to be insensitive to the value of the radiative 
recombination coefficient 𝐵 except in cases of very large values of 𝐵. Thus, it is only 
possible to identify an upper bound for the value of 𝐵, but no lower bound. A similar 
situation is seen in Figure 6.6f for the Auger recombination coefficient 𝛤. 
The remaining plots in Figure 6.6 demonstrate that the fitted parameters are generally 
more sensitive to one type of experimental measurement than another, illustrated by 
a narrow, well-defined minimum. This observation further justifies the value of using 
both steady-state PL and transient PL data to fit the recombination model. This is 
particularly obvious in the case of the electron and hole capture coefficients (Figure 6.6 
d and e), where the transient PL data shows a much higher sensitivity to these 
parameters than does the steady-state data. This is also the case for the trap energy 
level (Figure 6.6c). Note also that there is a local minimum in the NRMSE when 
sweeping 〈𝑒𝑛〉 which illustrates the importance of finding the global minimum during 
the fitting procedure (Figure 6.6e). This analysis demonstrates that it is indeed possible 
to extract constrained parameter values for all of the key trap parameters by fitting a 
single general recombination model to both steady-state and transient PL 
measurements.  
The parameter values extracted for MAPbI3 are generally consistent with those from 
the literature in Table 6.1. The value of 𝐸𝑡  indicates the existence of relatively shallow 
traps close to the conduction band level. The extracted capture coefficients of 
electrons and holes are much larger than the reported values. The differences of these 
parameters between the two measured films are also obvious. Given the wide range of 
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material parameters typically reported for perovskite materials, it is not particularly 
surprising that the reported capture coefficients of perovskite films from only two 
papers differ from the extracted values in this work. 
6.5 Discussion 
Having extracted the trap parameters, and estimated the uncertainties, now a 
comparison of the two perovskite compositions can be made. As reported by a number 
of groups, quadruple-cation perovskite solar cells can achieve higher open-circuit 
voltage than MAPbI3-based cells. The open-circuit voltage of a solar cell depends 
strongly on the relative rates of radiative and non-radiative recombination in the active 
layer. In order to maximise the  𝑉𝑂𝐶 , the non-radiative recombination – SRH 
recombination and Auger recombination should be minimised. Under standard one-
sun illumination recombination in perovskite films is dominated by SRH recombination. 
Therefore, 𝑁𝑡, 𝐸𝑡, 〈𝑐𝑛〉 and 〈𝑒𝑛〉 are the most important parameters for determining 
recombination properties.  
Considering the fitted results of these four parameters in Table 6.3, the trap densities 
of the two samples are similar; but the trap energy level of MAPbI3 film is deeper than 
that of the quadruple-cation perovskite film which means that the fraction of traps 
working as recombination centres is higher in the MAPbI3 film. The most significant 
difference between the two samples is in the capture coefficient of holes. The 
extracted capture cross-section of the quadruple-cation perovskite is up to two orders 
of magnitude smaller than that of the MAPbI3 film. Theoretically, the capture cross-
section of traps is related to the static dielectric constant of the material. The larger 
the dielectric constant, the smaller is the capture cross-section. By applying a Coulomb 
model, it suggests that the radius of the Coulomb well around a charged trap will be 
reduced when the dielectric constant is high [77]. As a result, it is more difficult for the 
charged carriers to be trapped, leading to a significantly lower non-radiative 
recombination rate. The reported dielectric constant of MAPbI3 ranges from 18 to 70 
[142, 143]. This variation is thought to be mainly caused by crystal formation during 
different fabrication processes. 
While this single observation from one sample of each material is insufficient to draw 
firm conclusions, it suggests that the improved performance of mixed cation 
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perovskites may result from less active trap states rather than from a lower density of 
traps. If confirmed by further studies, this finding could provide new insights into the 
apparent defect-tolerance of perovskite materials.  
6.6 Conclusion 
This work has demonstrated an improved method for extracting recombination 
parameters by fitting a generalised model for recombination kinetics to excitation-
dependent steady-state and transient PL measurements. Sensitivity analysis shows 
that fitting a single model to the two different PL measurements provides improved 
accuracy in fitting multiple trap parameters compared to fitting to a single type of 
measurement. Consequently, recombination coefficients and trap parameters, and the 
associated uncertainties of these fitted parameters are extracted. The quality of the 
fits obtained with a single trap state suggest that non-radiative recombination is either 
dominated by a single trap species, or that the combined contribution of active traps 
can be approximated by a single set of ‘effective’ trap parameters. Further studies are 
required to resolve which of these interpretations is correct.  Nevertheless, the 
analysis techniques presented here provide a simple, non-contact method to rapidly 
characterise the key trap properties of perovskite films, and may lead to new insights 
into recombination kinetics.  
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Chapter 7 Carrier Lifetime Interpretation 
In this chapter, the recombination model described in Section 3.3.2 is used to simulate 
the expected PL intensities and PL lifetimes of perovskite films in steady-state and 
transient measurements. Two different interpretations of carrier lifetime – bi-
exponentially fitted time constants and excitation-dependent effective carrier lifetime, 
are investigated. The origins of the numerically fitted time constants are revealed 
using the recombination model. A method of estimating recombination coefficients 
from the relationship between carrier density and carrier lifetime is proposed. 
7.1 Introduction 
Carrier lifetime is generally extracted from transient measurements of 
photoluminescence decay or photoconductance decay after excitation with a known 
generation rate. The decay curves are fitted by an exponential equation to extract the 
effective carrier lifetimes [62, 65, 66]. As discussed in Section 2.6, the most commonly 
used method of measuring carrier lifetime in perovskite films is transient PL decay. 
From transient PL measurements presented in the last Chapter, it was found that 
under typical measurement conditions the PL decay curves of perovskite films do not 
follow a single exponential decay (Figure 6.5 b and d). This behaviour is also observed 
by many other groups [62, 65]. Therefore, a bi-exponential equation (Equation 7.1) is 
frequently applied to fit the experimental data of lifetime measurements, where 𝜏1 
and 𝜏2 are the fitted time constants, and 𝑎 is the weighting factor of the initial fast 
decay. 
 𝑃𝐿 = 𝑎𝑒𝑥𝑝 (−
𝑡
𝜏1
) + (1 − 𝑎)𝑒𝑥𝑝 (−
𝑡
𝜏2
) 7.1 
This interpretation of carrier lifetimes simply extracts two time constants numerically. 
However, the underlying physical significance of 𝜏1  and 𝜏2  is not obvious. Many 
researchers explained that 𝜏1  is related to trap-assisted recombination and 𝜏2  is 
related to radiative recombination [65, 130, 144, 145].  
When measuring the transient PL of perovskite solar cells, variations in the initial time 
constant 𝜏1 have been observed for perovskite films with different interfaces: pure 
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CH3NH3PbI3 film, CH3NH3PbI3/PCBM film, and CH3NH3PbI3/Spiro-OMeTAD film [130]. 𝜏2 
almost remains the same in these cases. Lewis Base treatment has been used to 
passivate the surface recombination of perovskite films [144]. The initial fast decay 
process was effectively removed by the surface passivation comparing the PL decay 
curves measured before and after the treatment. 
These results imply that the fast decay could be dominated by surface recombination 
and the slow decay is related to the bulk radiative recombination within the perovskite 
layer. Surface recombination is one type of trap-assisted recombination, since the 
surfaces and interfaces are more likely to contain a large amount of recombination 
centres such as impurities and dangling bonds. Thus, surface recombination rate can 
be written as a similar equation as the steady-state SRH recombination rate (Equation 
3.25) when a single surface state is assumed [146]. 
 𝑈𝐴 =
𝑆𝑒0𝑆ℎ0(𝑛𝑝 − 𝑛𝑖
2)
𝑆𝑒0(𝑛 + 𝑛1) + 𝑆ℎ0(𝑝 + 𝑝1)
, 7.2 
where 𝑈𝐴 is the net surface recombination rate per unit area, and 𝑆𝑒0 and 𝑆ℎ0 are 
surface recombination velocities of electrons and holes, respectively. A number of 
recent works focussing on surface passivation suggest that surface recombination may 
be the dominant source of trap-assisted recombination in high-efficiency perovskite 
cells. 
Time-resolved PL has also been measured on perovskite single crystals, where the laser 
beam can be focussed at the surface or into the bulk of the crystal [145].The weighting 
of the initial fast decay is obviously larger for the measurements performed at the 
crystal surface. Here, the surface of a single crystal could be considered as grain 
boundaries where dangling bonds, surface dislocations, under-coordinated atoms and 
chemical impurities exist. Thus, 𝜏1 of a perovskite single crystal depends on trap-
assisted recombination dominated by the recombination at the crystal surfaces; and 𝜏2 
depends on the radiative recombination inside the crystal. 
Dane W. de Quilettes once conducted spatially transient PL decay measurements 
across polycrystalline perovskite films [65]. The decay curves extracted at grain 
boundaries showed an obvious transition from fast decay to slow decay; while the PL 
decay measured in the middle of the grain follows a slow decay process (Figure 2 in 
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[65]). On polycrystalline perovskite films, traps are thought to accumulate at grain 
boundaries, where trap-assisted recombination dominates due to the high trap density. 
Therefore, this bi-exponential PL decay is also detected on perovskite films, and trap-
assisted recombination at the grain boundaries leads to a fast decay of carrier lifetime 
before the slow decay, dominated by charge carrier radiative recombination, appears. 
The mechanism of bi-exponential decay of the time-resolved PL measurements has 
been observed and discussed on perovskite solar cells [130, 144], single crystals [145] 
and thin films [65]. It is generally agreed that the transition in decay rate is due to the 
high trap density which leads to an initial fast decay due to carrier trapping. Thus, time 
constants 𝜏1 and 𝜏2 may be related to trap-assisted recombination and band-to-band 
radiative recombination, respectively [147]. This interpretation of carrier lifetime with 
bi-exponential decay is useful to compare the quality of perovskites between samples. 
However, the physics of recombination kinetics is much more complicated and the two 
time constants are insufficient to explain the mechanisms of recombination in 
perovskites. 
As discussed in Section 2.6, the carrier lifetime in a film is not a constant value, since it 
strongly depends on the carrier density during the measurement. Therefore, 
excitation-dependent transient lifetime is a way to interpret the carrier lifetime from 
the physical origins. This approach is widely used for evaluating silicon materials under 
steady-state conditions [88, 148]. Since the carrier lifetime of perovskite films is 
measured by the transient PL decay, where the carrier density varies by orders of 
magnitude during the measurement, the physical meaning of the transient lifetime 
extracted from the slope of the decay curve should be studied. Also, it is important to 
understand whether the carrier lifetime extracted from transient measurements is 
equivalent to steady-state carrier lifetime in order to analyse the relationship between 
carrier density and carrier lifetime in perovskite materials. 
In this chapter, the general recombination model presented in Section 3.3.2 will be 
applied to investigate the interpretation of carrier lifetime extracted from time-
resolved PL decay measurements on perovskite films. The parameters of 
recombination coefficients and trap properties used in this model are within the range 
of the fitted parameters discussed in Chapter 6. Here, the time constants extracted 
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from the bi-exponential fitting (Equation 7.1) are investigated by varying the input 
recombination parameters. This analysis indicates that the fitted time constants and 
weighting factor are strongly related to trap density, doping density and trap energy 
levels. Additionally, the effective carrier lifetime extracted from the slope of transient 
PL decay curves turns out to be very similar to the minority carrier lifetime. The 
excitation-dependent carrier lifetimes generated from both steady-state and transient 
model are compared. The result demonstrates that the transient lifetimes modelled at 
both conditions are equal only at high excitation levels. This can be used to analyse 
radiative and Auger recombination rate since these recombination mechanisms 
dominate at high excitation levels. The excitation-dependent carrier lifetime at low 
excitation levels is also investigated to illustrate the effects of trap energy levels on the 
shape of the curve.  
7.2 Investigation of fitted time constants 
In Chapter 6, a general model for transient recombination kinetics was presented and 
applied to both steady-state and transient PL measurements. With this recombination 
model, the PL lifetime decay curves can be simulated with experimentally-determined 
parameters, thus providing a way to understand the effects of trap properties on the 
effective carrier lifetime.  
Firstly, the modelled decay curve is fitted to Equation 7.1 for extracting the weighting 
factor 𝑎 and time constants 𝜏1 and 𝜏2. The fixed parameters in this model are listed in 
Table 7.1 and the modelled and fitted curves are shown in Figure 7.1. The fitted results 
are 𝑎 =  0.896, 𝜏1 = 10.3 ns and 𝜏2 = 164.3 ns. With these values as a starting point, 
further investigation has been done to sweep the pre-set values of some of the 
parameters in the model to better understand the physical parameters that determine 
the general shape of PL decay curves. 
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Figure 7.1 The blue line is the PL decay curve generated by the 
recombination model described in Section 3.3.2 using parameters 
listed in Table 7.1. The red line is the fitted curve of the blue line 
using Equation 7.1. 
Table 7.1 Parameters used in the 
recombination model. 
𝐵 (𝑐𝑚3𝑠−1) 1 × 10−11 
𝑁𝑡 (𝑐𝑚
−3) 1 × 1016 
𝐸𝑡 (𝑒𝑉) 0.20 
⟨𝑐𝑛⟩ (𝑐𝑚
3𝑠−1) 1 × 10−8 
⟨𝑒𝑛⟩ (𝑐𝑚
3𝑠−1) 5 × 10−9 
𝛤 (𝑐𝑚6𝑠−1) 1 × 10−31 
𝑁𝐴 (𝑐𝑚
−3) 3 × 1014 
𝐸𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙  
(𝑐𝑚−3) 
1.4 × 1015 
First, the trap density is increased from 1 × 1016 𝑐𝑚−3 to 8 × 1016 𝑐𝑚−3, and all the 
other parameters remain the same as listed in Table 7.1. It is obvious that the initial 
decay constant 𝜏1 decreases as the trap density increases (Figure 7.2). This trend is 
clearly demonstrated from the fitted parameters listed in Table 7.2. Doubling the trap 
density (𝑁𝑡) in the perovskite film almost reduces the fast decay constant 𝜏1 to half. 
However, 𝜏2 in this case does not show obvious change, implying that the fast decay 𝜏1 
scales approximately with 1 𝑁𝑡⁄  in the perovskite film.  
 
Figure 7.2 The modelled PL decay curves with trap density 𝑁𝑡 
varied from 1 × 1016 𝑐𝑚−3 to 8 × 1016 𝑐𝑚−3. 
Table 7.2 The fitted values of 𝑎 , 𝜏1  and 𝜏2  for 
different input trap densities. 
𝑁𝑡 (𝑐𝑚
−3) 𝑎 𝜏1(𝑛𝑠) 𝜏2(𝑛𝑠) 
1 × 1016 0.896 10.3 164.3 
2 × 1016 0.946 5.2 154.1 
4 × 1016 0.972 2.6 147.4 
8 × 1016 0.985 1.3 142.8 
When sweeping the doping density 𝑁𝐴 , only the slow decay time constant 𝜏2  is 
changed (Figure 7.3 and Table 7.3). The increase in doping density leads to a reduction 
of equilibrium minority carrier density (electron is the minority carrier in this case). The 
rate of fast decay, which is considered to be related to the trapping of free electrons, 
will not be affected by the reduction of equilibrium electron density, since it is 
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negligibly small compared to the high density of photogenerated free electrons. 
However, after the fast recombination of free carriers, the equilibrium electron density 
is no longer negligible, and as a result, the radiative recombination rate decreases with 
the reduction of equilibrium minority carrier density in the slow decay regime. 
 
Figure 7.3 The modelled PL decay curves with doping density 
𝑁𝐴 varied from 1 × 10
15 𝑐𝑚−3 to 7 × 1015 𝑐𝑚−3. 
Table 7.3 The fitted values of 𝑎 , 𝜏1  and 𝜏2  for 
different input doping densities. 
𝑁𝐴 (𝑐𝑚
−3) 𝑎 𝜏1(𝑛𝑠) 𝜏2(𝑛𝑠) 
1 × 1015 0.899 10.4 133.3 
3 × 1015 0.885 10.2 71.4 
5 × 1015 0.857 9.8 46.2 
7 × 1015 0.820 9.4 34.1 
Interestingly, the variation of trap energy levels 𝐸𝑡 does not affect the time constants. 
It only changes the weighting of fast and slow decay (Figure 7.4 and Table 7.4). The 
initial fast decay lasts longer when the trap energy level approaches the midgap, which 
is indicated by the increase of the weighting factor 𝑎. When the traps become deeper, 
more traps act as recombination centres. Therefore, the trap-assisted recombination 
rate increases and radiative recombination rate decreases, resulting in a reduction of 
PL intensity throughout the decay. In the meantime, due to the increased trap energy 
level, more carriers are recombined via traps rather than band-to-band. Since the 
densities of electrons, holes and traps, and the capture cross-section of electrons and 
holes are fixed, the increase of SRH recombination rate comes from the increased 
percentage of carriers involved in this recombination mechanism. Thus, the carrier 
lifetimes remain the same, and the recombination weighting factor 𝑎 increases. 
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Figure 7.4 The modelled PL decay curves with trap energy level 
𝐸𝑡 varied from 0.18 𝑒𝑉 to 0.24 𝑒𝑉. 
Table 7.4 The fitted values of 𝑎 , 𝜏1  and 𝜏2  for 
different input trap energy levels. 
𝐸𝑡 (𝑒𝑉) 𝑎 𝜏1(𝑛𝑠) 𝜏2(𝑛𝑠) 
0.18 0.793 9.4 175.0 
0.20 0.896 10.3 164.3 
0.22 0.951 10.6 160.8 
0.24 0.978 10.7 160.7 
From the demonstrated relationships between the recombination parameters and the 
fitted numerical parameters, it can be summarised that the initial fast decay is due to 
free carriers being captured by traps in the perovskite film and the following slow 
decay is dominated by the charge carrier radiative recombination which purely 
depends on the density of free carriers. 
7.3 Investigation of effective carrier lifetime 
As shown in the previous section, the fitting of exponential decay constants 𝜏1 and 𝜏2 
to PL decay curves provides a simple parameterisation of the decay curves, but it is 
difficult to infer direct physical meaning from the extracted values. As discussed in 
Section 2.6, the effective lifetime of minority carriers changes along with the 
measurement conditions. This effective carrier lifetime can be described as a function 
of carrier density. From this relationship, Auger recombination coefficients can be 
extracted from the gradient of the curve at high excitation levels. 
Since the carrier density and lifetime at each time point of the decay are calculated in 
the model, the total lifetime of electrons and holes can be plotted as a function of time 
(red and yellow curves in Figure 7.5a). This shows that the lifetime of electrons and 
holes are not equal during the first 50 ns when fast decay occurs (see Figure 7.1); 
during the slow PL decay, the difference in lifetimes between electrons and holes is 
negligible. Alternatively, the transient effective lifetime can also be extracted from the 
slope of the PL decay curve (blue curve in Figure 7.5a). This approach could be used to 
extract a time-dependent lifetime from experimental data, which might be a more 
justified method for extracting lifetime than exponential fits. The lifetime calculated 
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from the slope of the PL decay curve follows the trend of minority carrier lifetime 
(electrons are the minority carriers in the model). The fraction of occupied traps (𝑓𝑡) is 
plotted as a function of time in Figure 7.5b, showing that an increasing number of 
electrons are captured by traps during the first 50 ns (fast decay region in Figure 7.1). 
This further supports the conclusion of the previous section that the fast decay is 
dominated by the kinetics of free carrier trapping. 
 
Figure 7.5 (a) The modelled total lifetimes of electrons and holes as a function of time during the PL decay (red and 
yellow lines, respectively), and the transient lifetime calculated from the slope of the PL decay curve (blue line). (b) 
The modelled fraction of occupied traps 𝑓𝑡  as a function of time during the PL decay. 
From the study of silicon wafers, the effective carrier lifetime strongly depends on the 
carrier density during the measurement [88]. The simulated excitation-dependent 
steady-state PL is demonstrated in Chapter 6. During the simulation, steady-state 
recombination rates and carrier densities are also calculated for each excitation level 
(Figure 7.6a). Thus, the carrier lifetime can be plotted as a function of excess minority 
carrier density (∆𝑛) in Figure 7.6b.  
 
Figure 7.6 (a) The modelled steady-state radiative (blue solid line), SRH (red solid line) and Auger (yellow solid line) 
recombination rates, and the modelled excess densities of electrons (purple dash line) and holes (green dash line) as 
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a function of generation rate. (b) The modelled radiative (blue solid line), SRH (red solid line), Auger (yellow solid line) 
and total (purple dash line) lifetimes of electrons as a function of excess electron density. 
It is shown in Figure 7.6a that the excess densities of electrons and holes are equal 
when ∆𝑛 = ∆𝑝 > 1018 𝑐𝑚−3. The measured transient lifetimes above this excitation 
level can be used to estimate the coefficients of recombination kinetics. At extremely 
high excitation levels (∆𝑛 > 1020 𝑐𝑚−3), Auger recombination dominates, and as a 
result, the total lifetime is approximated by the Auger recombination lifetime (Figure 
7.6b). Also, the excess carrier densities (∆𝑛  and ∆𝑝) are much larger than the 
equilibrium carrier densities (𝑛0  and 𝑝0). Thus, the sum of Auger recombination 
coefficients (𝛤𝑛 + 𝛤𝑝) can be approximated to 1 (𝜏𝑡𝑜𝑡∆𝑛
2)⁄  (Equation 7.3). 
 
∆𝑛
𝜏𝑡𝑜𝑡
= 𝑈𝐴𝑢𝑔 = 𝛤𝑛𝑛(𝑛𝑝 − 𝑛𝑖
2) + 𝛤𝑝𝑝(𝑛𝑝 − 𝑛𝑖
2) ≈ (𝛤𝑛 + 𝛤𝑝)∆𝑛
3 7.3 
The expression of 1 (𝜏𝑡𝑜𝑡∆𝑛
2)⁄  was plotted as a function of the excess density of 
electrons in Figure 7.7a (blue solid curve), and the input value of (𝛤𝑛 + 𝛤𝑝) has been 
shown as red dash line in the figure. The minimum value of 1 (𝜏𝑡𝑜𝑡∆𝑛
2)⁄  is achieved 
and stabilised when ∆𝑛 is greater than 1020 𝑐𝑚−3, which equals to the sum of Auger 
recombination coefficients in the model. 
In a small range of excitation levels (1018 𝑐𝑚−3 < ∆𝑛 < 1020 𝑐𝑚−3), the total lifetime 
of electrons is approximately the same as the radiative recombination lifetime. 
Applying a similar approach to Auger recombination coefficients, an estimation of the 
radiative recombination coefficient 𝐵 can be expressed as 1 (𝜏𝑡𝑜𝑡∆𝑛)⁄  derived from 
Equation 7.4. 
 
∆𝑛
𝜏𝑡𝑜𝑡
= 𝑈𝑟𝑎𝑑 = 𝐵(𝑛𝑝 − 𝑛𝑖
2) ≈ 𝐵∆𝑛2 7.4 
The expression of 1 (𝜏𝑡𝑜𝑡∆𝑛)⁄  was plotted as a function of the excess density of 
electrons in Figure 7.7b (blue solid curve), and the input value of 𝐵 has been shown as 
red dash line in the figure. The minimum value of 1 (𝜏𝑡𝑜𝑡∆𝑛)⁄  is achieved when ∆𝑛 is 
close to 1019 𝑐𝑚−3, and the estimated radiative recombination coefficient from the 
relationship between carrier density and carrier lifetime is close to the input value. 
This small overestimation indicates that the excess carrier densities (∆𝑛 and ∆𝑝) at this 
excitation level are not high enough so that the equilibrium carrier densities (𝑛0 and 𝑝0) 
can be completely ignored. 
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Figure 7.7 (a) The plot of 1 (𝜏𝑡𝑜𝑡∆𝑛
2)⁄  as a function of excess minority carrier density for estimating the sum of 
Auger recombination coefficients (𝛤𝑛 + 𝛤𝑝). The red dash line is the input value of (𝛤𝑛 + 𝛤𝑝). (b) The plot of 
1 (𝜏𝑡𝑜𝑡∆𝑛)⁄  as a function of excess minority carrier density for estimating the radiative recombination coefficient 𝐵. 
The red dash line is the input value of 𝐵. 
At low excitation levels, SRH recombination dominates the total recombination 
kinetics (Figure 7.6b). However, ∆𝑛 and ∆𝑝 are not equal and are smaller than the 
doping density 𝑁𝐴. Therefore, SRH recombination coefficients are difficult to estimate 
from the excitation-dependent carrier lifetime. This raises the question: does the slope 
of 𝜏𝑡𝑜𝑡 (the purple dash line in Figure 7.6b) have any meaning at low excitation levels? 
Khama derived the differential dependence of carrier lifetime on excess carrier density 
for a single trap state from the expression of lifetime at low-level injection (Eq. (57) in 
[148]): 
 
𝑑𝜏𝑡𝑜𝑡
𝑑∆𝑛
=
𝜏𝑝0(𝑝0 − 𝑛1) + 𝜏𝑛0(𝑛0 − 𝑝1)
(𝑛0 + 𝑝0 + ∆𝑛)2
, 7.5 
showing the relationship between the gradient of transient carrier lifetime and the 
trap energy levels. In the model of perovskite film used in this thesis, it is assumed that 
the material is a p-type semiconductor (the value of 𝑁𝐴 is indicated in Table 7.1) as 
reported by other groups [72], thus the equilibrium hole density (𝑝0) is much higher 
than the equilibrium electron density (𝑛0). Four different cases of trap energy levels 
are considered below: 
• When the trap energy level is close to the conduction band, 𝑝1 is very small. So, 
the second term of the numerator is negligible. While in the first term, 𝑛1 
increases as 𝐸𝑡 approaches to 𝐸𝐶, until it is larger than 𝑝0. Thus, the gradient of 
the lifetime should be negative as is seen for the blue curve (𝐸𝐶 − 𝐸𝑡 = 0.2 𝑒𝑉) 
in Figure 7.8.  
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• When the trap energy level is close to the midgap, the values of 𝑛1 and 𝑝1 are 
close to the intrinsic carrier density 𝑛𝑖. Thus, the first term of the numerator is 
positive and the second term is negative. In a heavily doped p-type 
semiconductor, 𝑝0  is much larger than 𝑛𝑖 , therefore, the positive term 
dominates, showing an increase of lifetime when increasing carrier density (red 
curve in Figure 7.8).  
• When the trap energy level is close to the valence band, 𝑛1 is small and 𝑝1 is 
large. Still, the first term is positive and the second term is negative. In the p-
type semiconductor, the Fermi level 𝐸𝐹 is below the intrinsic level 𝐸𝑖 (𝐸𝐶 −
𝐸𝐹 = 1.35 𝑒𝑉 in this case). For the traps lying between 𝐸𝐹 and 𝐸𝑖, the first 
positive term of the numerator dominates, thus the gradient of the yellow 
curve is also positive.  
• For shallow traps close to valence band, it can be assumed that 𝐸𝑡 lies even 
below 𝐸𝐹. In this case, the negative term dominates, shown as the purple curve 
(𝐸𝐶 − 𝐸𝑡 = 1.4 𝑒𝑉) in Figure 7.8.  
Therefore, the dependence of carrier lifetime on carrier density at low excitation levels 
can be used to estimate the energy level of the traps. 
 
Figure 7.8 The modelled minority carrier lifetime as a function of excess minority carrier density with different input 
trap energy levels. 
Although steady-state carrier lifetime plots such as those simulated in Figure 7.6 and 
Figure 7.8 provide information about recombination kinetics, it is difficult to extract 
these values experimentally. In practice, the effective carrier lifetime is usually 
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measured by transient PL decay. As illustrated in Figure 7.5, an effective carrier 
lifetime can be directly extracted from the slope of the PL decay curve. Before 
interpreting such data, it is necessary to verify that the carrier lifetime extracted from 
transient PL measurements is equivalent to the steady-state excitation-dependent 
minority carrier lifetime. Due to the large trap density in perovskite films, the minority 
carrier lifetime in the transient condition is expected to be affected by carrier trapping, 
especially when the excitation density is lower than the trap density [147]. In Figure 
7.9a, the transient PL is modelled with an extremely high initial excitation level, so that 
a wider range of carrier densities can be covered in a single transient PL decay curve. In 
this case, most traps are filled during the pulsed laser excitation, so that the carrier 
lifetimes of electrons and holes are similar. The effective carrier lifetime extracted 
from the slope of the curve in Figure 7.9a can also be used to represent the minority 
carrier lifetime (Figure 7.9b).  
 
Figure 7.9 (a) The modelled PL decay curve at an excitation density of 1.4 × 1021 𝑐𝑚−3. (b) The modelled total 
lifetimes of electrons and holes as a function of time during the PL decay in (a) (red and yellow lines, respectively), 
and the transient lifetime calculated from the slope of the PL decay curve in (a) (blue line). 
Replotting the time-dependent total lifetime of electrons in Figure 7.9b (the red curve) 
as a function of excess minority carrier density generates the solid red curves in Figure 
7.10. The effective carrier lifetime extracted from the steady-state model (the purple 
curve in Figure 7.6b) is also plotted in the same figure as blue dots. This comparison 
indicates that at high excitation levels where radiative recombination or Auger 
recombination is dominant, the relationship between excess minority carrier density 
and carrier effective lifetime generated by both the steady-state model and transient 
model are almost identical. However, the effective lifetime is overestimated in the 
transient model at low excitation levels. The reason for this is that, unlike the steady-
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state equilibrium SRH recombination rate, the SRH recombination rates of electrons 
and holes are not always equal in the transient condition, especially at low excitation 
levels. The SRH recombination rate of minority carriers is reduced due to trapping, and 
thus the lifetime of minority carriers will be prolonged (𝜏𝑛 =
∆𝑛
𝑈𝑛
). Therefore, the 
effective carrier lifetime extracted from the time-resolved PL decay measurement can 
only be used to represent the steady-state effective lifetime at high excitation levels 
(∆𝑛 ≥ 𝑁𝑡 = 10
16 𝑐𝑚−3 in the model), which is sufficient to estimate radiative and 
Auger recombination coefficients from the relationship between carrier lifetime and 
carrier density. However, due to the difference between the steady-state lifetime and 
transient lifetime at low excitation levels (∆𝑛 < 𝑁𝑡), it is risky to use the shape of 
transient lifetime to infer information about the trap states. 
 
Figure 7.10 The minority carrier lifetime as a function of excess minority carrier density extracted from the modelling 
of excitation-dependent steady-state PL (blue dots) and the minority carrier lifetime as a function of excess minority 
carrier density extracted from the modelling of time-resolved PL decay (red line). 
Another challenge associated with extracting lifetime data from transient PL 
measurements is the estimation of the excess carrier density as a function of time. The 
excess carrier density of electrons and holes during the modelled PL decay (Figure 7.9a) 
is plotted in Figure 7.11, which shows that the equality of electron density and hole 
density is valid at high excitation levels (∆𝑛 = ∆𝑝 ≥ 1016 𝑐𝑚−3). Thus, the excess 
carrier density at this injection range is proportional to √𝑃𝐿, and the excitation-
dependent carrier lifetime can be extracted from the slope of PL decay curve.  
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Figure 7.11 The modelled transient excess densities of electrons (blue line) and holes (red line) during the PL decay in 
Figure 7.9(a). 
However, the excess carrier densities of electrons and holes at low excitation levels are 
no longer equal in this case. Both values cannot be easily determined directly from the 
transient PL measurement. This further increases the difficulties of estimating trap 
energy levels from the relationship between carrier density and lifetime at low 
excitation levels. 
7.4 Summary 
To summarise, carrier lifetime is an important parameter for analysing recombination 
kinetics of semiconductor materials. The numerical interpretation of carrier lifetimes 
extracted by fitting the time-resolved PL decay curve to a bi-exponential equation 
demonstrates that the fast and slow decays are dominated by trap-assisted 
recombination and radiative recombination respectively. The physical meaning of 
carrier lifetime extracted from the gradient of PL decay is also investigated. The 
extraction and interpretation of transient lifetime, and its relationship to steady-state 
minority carrier lifetime over a wide excitation range is also discussed. The work in this 
chapter was solely based on a theoretical analysis of carrier recombination in 
perovskite films, but the modelled relationships can also be observed experimentally. 
Further measurements, for example real-time detection of carrier density, could be 
performed along with the measurement of carrier lifetime to provide a better 
understanding of recombination kinetics in perovskite materials.  
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Chapter 8 Conclusion 
In this last chapter, key findings and their significance will be summarised in the first 
section. However, there are still problems that remain unsolved; thus, future work that 
can be done will be discussed in the second section of this chapter. 
8.1 Summary of the thesis 
In this work, confocal microscopy was applied to characterise thin film solar cells. The 
capability of the confocal scanning microscope has been tested by the reflectance and 
photocurrent mapping of a thin film silicon solar cell coated with silver nanoparticles. 
The extracted images at a wide range of excitation spectra (from visible to near 
inferred) visually demonstrated that the photocurrent of the solar cell was enhanced 
by the surface nanostructure when the excitation wavelength larger than 750 nm due 
to the light trapping. This observation was verified by the optical simulation on 
Lumerical FDTD Solution. 
Perovskite thin films are unstable in high temperature, high intensity exposure and 
humid air. Firstly, the potential local heating that could occur due to the laser 
illumination has been simulated showing only a few degrees of temperature rise under 
the typical confocal measurement conditions. Next, time-dependent 
photoluminescence measurements were compared for bare perovskite films, PMMA 
coated films, fully encapsulated films and films stored in an N2 environment. These 
measurements demonstrated that the PMMA coating could effectively protect the 
perovskite films from rapid degradation, but not the oxygen-induced PL enhancement. 
Full encapsulation and/or measuring films under ambient N2 gas can ensure the 
stability of perovskite films for several tens of minutes of laser exposure during 
photoluminescence characterisation. The stability tests verified that the perovskite 
films were sufficiently stable to allow for reliable and repeatable measurements in a 
single location using a wide range of illumination intensities. 
During the stability tests, light- and oxygen-induced PL enhancements were observed. 
Further studies indicated that this observation was caused by the de-activation of traps 
in the perovskite films, as had also been proposed by several other groups at the time 
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[41, 42]. With the reduction of active trap density, the trap-assisted recombination 
rate was reduced, so that the radiative recombination rate, which is proportional to 
the PL intensity, increases. This oxygen-assisted trap de-activation process is reversible. 
Keeping the PL enhanced sample in the dark with N2 gas flow for a sufficiently long 
time, the PL emission of the film was observed to drop back to the original intensity, 
indicating that the traps were only temporarily de-activated by the oxygen species. 
Additionally, confocal scanning PL measurements were applied to extract images of 
the PL enhanced area which demonstrated the lateral expansion of the PL 
enhancement over more than 5 m within a 20 min laser exposure. This has been 
attributed to photogenerated charge carrier diffusion away from the illuminated area. 
A recombination model was used to simulate the dynamics of photocarriers and traps, 
which provided solid theoretical support to the discussion and analysis of time-and 
spatial-dependent light induced trap de-activation in perovskite films. 
The second major piece of research reported in this thesis focussed on understanding 
the recombination kinetics of perovskite films from the results of excitation-dependent 
steady-state and transient PL measurements. Here, a general recombination model 
was used to simulate the radiative recombination rate, taking into account the 
fundamental properties of trap states and intrinsic recombination mechanisms. By 
fitting the experimental results to the recombination model, the recombination 
coefficients, trap properties and doping density of the perovskite films could be 
extracted. This method has been applied to widely-studied MAPbI3 perovskite films 
and the high-performance Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45 perovskite films. A 
detailed sensitivity analysis was also performed to check the goodness of fit of each 
parameter. Comparison of the fitted parameters of the two perovskite compositions 
suggests that a significant reduction in capture cross-section was the major reason of 
the high open-circuit voltage measured on quadruple-cation perovskite solar cells. 
Using the comprehensive recombination model, the theoretical interpretation of 
carrier lifetime for perovskites was discussed in Chapter 7. Two time constants were 
extracted from the bi-exponential fit of the PL decay curve measured on perovskite 
films. By varying the trap density, doping density and trap energy level in the model, it 
was demonstrated that the fast decay constant was related to the trap-assisted 
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recombination kinetic and the slow decay constant was dominated by the band-to-
band radiative recombination rate of the perovskite films.  
The model also indicated that the transient carrier lifetime extracted from the slope of 
the PL decay curve was associated with the minority carrier lifetime. From the gradient 
of the curve plotted by the steady-state carrier lifetime as a function of minority 
carrier density, the radiative and Auger recombination coefficients were extracted 
from the slope at high excitation levels, which agreed with the input values of the 
model. Additionally, the trap energy level can be roughly estimated from the shape of 
the steady-state excitation-dependent carrier lifetime curve at low excitation level. 
Comparing the effective lifetimes simulated under steady-state and transient 
conditions, we found that at high excitation levels the carrier lifetime extracted from 
transient PL decay curves matched the steady-state carrier lifetime, which could be 
used to estimate Auger recombination coefficient experimentally. 
In this thesis, the investigation of oxygen-induced PL enhancement in perovskite films 
implies the potential of improving film quality by de-activating traps, which provides a 
new insight for improving the performance of perovskite solar cells. A new 
characterisation method has been developed to extract recombination parameters 
from a combination of steady-state and transient PL measurements. The comparison 
of recombination parameters between perovskite films illustrates the origins of 
perovskite solar cells with better performance. Finally, the fundamentals of carrier 
lifetime in semiconductors have been investigated, which provides a deeper 
understanding of recombination in perovskite materials. 
8.2 Future work 
For the research of perovskite solar cells, characterisation of perovskite thin films is 
one of the most important aspects for improving the device performance. There are 
still many follow-up studies can be undertaken if the experiments can be set up. 
i. In the study of oxygen-assisted light induced PL enhancement (Chapter 5), the 
time-dependent PL intensity could be measured in an O2 environment in order 
to unambiguously observe the effect of O2 on the perovskite films. Such 
measurements could also be used to estimate the diffusivity of oxygen species 
in the perovskite films.  
 
 
116 
 
ii. From the sensitivity analysis of the curve fitting in Chapter 6, it was found that 
radiative and Auger recombination coefficients are not very sensitive in the 
fitting of present measurement results. If the excitation levels could be further 
extended in both steady-state and transient PL measurements, the domination 
of radiative recombination would be more obvious at extremely low excitation 
levels and the effect of Auger recombination would be stronger at extremely 
high excitation levels. Thus, those two parameters can be estimated more 
accurately. 
iii. In Chapter 7, the theoretical interpretation of carrier lifetime has been 
introduced; however, experimental analysis is required to support these 
interpretations. Measuring excess carrier density is challenging in perovskite 
films, which is normally extracted from the relationship between 
photoconductance and carrier mobility. However, the estimation of carrier 
mobility requires one to know the value of carrier density at the measurement 
condition. Therefore, the development of a reliable method to independently 
estimate excess electron and hole densities in perovskite films would be very 
useful for more detailed recombination studies. 
iv. From the measurements of trap states reviewed in Chapter 2, it is known that 
there are multiple types of traps located at different energy states in perovskite 
materials. However, a single trap state was assumed in the recombination 
model for simplification (as has also been done in many other works [72, 73]). 
The parameter sensitivity of the current model fitting would be reduced if more 
uncertainties were introduced into the model. Therefore, more measurement 
results associated with trap-assisted recombination should be used to fit the 
model to ensure the accuracy of the fitting. This potential study could further 
improve a more fundamental understanding of recombination kinetics 
perovskite materials. 
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